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FOREWORD 

The r e sea rch  and development work repor ted  here  was per-  
formed a t  Applied Electrochemistry Incorporated,  Mountain 
V i e w ,  C a l i f o r n i a ,  from A p r i l  1 t o  December 31, 1970, under 
Contract  NAS2-4843. The work was c a r r i e d  out by D r .  J, 
Weissbart ,  D r .  W. H. Smart, who were t h e  p r i n c i p a l  inves- 
t i g a t o r s ,  M r .  C. M. McCullough, M r .  B. 0. Reese, M r .  S .  A. 
Ring ,  Mrs. Maria Roja, and M r .  D. R. W a t s ~ n .  The p r o j e c t  
w a s  under the  o v e r a l l  d i r e c t i o n  o f  D r .  Weissbart .  The 
t e c h n i c a l  monitor w a s  D r .  T. Wydeven, Environmental Control 
Research Branch, NASA Ames Research Center ,  Moffett  F i e l d ,  
Ca l i fo rn ia .  

D i s t r i b u t i o n  of t h i s  r e p o r t  is  provided i n  the  i n t e r e s t  of 
information exchange. Respons ibf l i ty  for the contents  re-  
s i d e s  i n  the  au thors  and organiza t ion  t h a t  prepared it. 
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ABSTRACT 

This r e p o r t  descr ibes  the  advances made i n  the  development 
of C 0 2 - H 2 0  e l e c t r o l y z e r  modules f o r  t he  generat ion of oxy- 
gen f o r  l i f e - s u p p o r t  systems dur ing  the  concluding nine- 
month per iod of t h i s  cont rac t .  S i g n i f i c a n t  improvements 
were made wi th  r e spec t  t o  1) ease of f a b r i c a t i o n ,  2 )  dura- 
t i o n  of opera t ion  w i t h  production of brea thable  oxygen, and 
3 )  i nc rease  i n  CO2 conversion pe r  pass t o  CO f o r  b e t t e r  
u t i l i z a t i o n  of t he  CO i n  the  d i sp ropor t iona t ion  r eac to r .  
Improvements were incorporated stepwise i n  e i g h t  e l e c t r o l y z e r  
modules which were cons t ruc ted  and operated wi th  a n  output  
of brea thable  oxygen of >99% p u r i t y ,  and CO2 conversion per  
pass averaging 50 percent .  The modules ranged i n  number of 
cel ls  from two t o  s i x t e e n ,  t o t a l  e l e c t r o d e  area of 40 t o  
320 cm2,  t o t a l  output  of oxygen a t  100% f a r a d a i c  e f f i c i e n c y  
from 4 t o  32 amperes, and CO2 content  i n  t h e  oxygen of 
4 percent .  The opera t ing  per iod ranged from 11 t o  101 
days. A 12-cel1, 24-A u n i t  operated f o r  101 days a t  an 
average ce l l  vo l tage  of 1.8 v o l t .  The l a r g e s t  u n i t  of 16 
cel ls  cont inues t o  opera te  a t  32 A and an average vol tage  
per  ce l l  of 1.6 v o l t  a f t e r  logging 82 days of maintenance- 
f r e e  operat ion.  

The bas i c  bu i ld ing  block of these  e l e c t r o l y z e r  modules re- 
mained 7 t o  8 mole% scand ia - s t ab i l i zed  z i r c o n i a  d i s k  elec- 
t r o l y t e s  of 20 cm2 area cons t ruc ted  i n  the  form of two-cel l  
drums. New gas p o r t  e n t r y  nozzles were incorporated i n t o  
the  drums. The assembly of drums t o  the  gas manifold tubes 
w a s  made by to rch  brazing. 
gura t ions  cons is ted’  of an  overlay of f i n e  P t  mesh r e in fo rced  
wi th  high e lectr ical  conduct iv i ty  Au a l l o y  w i r e .  
o t h e r  improvements i n  ho t  p re s s ing  and f a b r i c a t i o n  of gas- 
t i g h t  high-temperature ceramic seals now allows cons t ruc t ion  
of modules f o r  one-man capac i ty  u n i t s  producing breathable  
oxygen (>99%) and having a n  ope ra t ing  l i f e  of >3 months. 

Improved e l ec t rode -g r id  conf i -  

These and 
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Sect ion  1 

INTRODUCTION 

For extended du ra t ion  space f l i g h t s ,  02 generation/COZ 
c o n t r o l  i s  r equ i r ed  as p a r t  of a regenera t ive  i n t e g r a t e d  
environmental c o n t r o l  and l i f e - s u p p o r t  system. The H a m i l -  
t o n  Standard Div is ion  of United A i r c r a f t  Corporation has 
r e c e n t l y  eva lua ted  and s e l e c t e d  l i f e - s u p p o r t  systems pres-  
e n t l y  under development f o r  a 500-day non-resupply mission 
f o r  t he  1976-1980 t i m e  period. The most promising rou te  
chosen f o r  oxygen recovery from C02 w a s  e l e c t r o l y s i s  us ing  
s o l i d  oxide e l e c t r o l y t e s  and CO d i sp ropor t iona t ion  us ing  
rep laceable  c a r t r i d g e s  (Ref. 9 )  . 
Work on con t r ac t  NAS2-4843 previously presented i n  the  
F i r s t  and Second Annual Reports (Refs. 1 and 2)  has taken 
t h e  C02-H20 oxygen genera t ion  system based on s o l i d  oxide 
e l e c t r o l y t e s  from t h e  1/100-man (one ampere) t o  the  one- 
man (127 amperes) level. The u t i l i z a t i o n  of ho t  press ing  
of ceramics, diamond machining, e l e c t r o p l a t i n g  of ceramics, 
f a b r i c a t i o n  of  g a s - t i g h t  high-temperature ceramic seals, 
and o t h e r  technologies  w a s  r equ i r ed  t o  br ing  the  develop- 
ment of t h i s  system t o  t h a t  s tage .  A 127-A capac i ty  
CO2 -I320 electrolyzer/CO d i sp ropor t iona t ion  r e a c t o r  system 
w a s  cons t ruc ted  and operated beyond 250 hours (Ref. 2 ) .  

The nine-month e f f o r t  descr ibed i n  t h i s  Third Annual R e -  
p o r t  concludes t h e  development work on con t r ac t  NASZ-4843 
and br idges the  gap between the  two-year e f f o r t  on con- 
t ract  NAS2-4843 and the nex t  stage-the development of 
hardware f o r  an  i n t e g r a t e d  one-man oxygen generat ion sys-  
t e m  c o n s i s t i n g  of a bank of 602-H20 e l e c t r o l y z e r s ,  CO d i s -  
p ropor t iona to r ,  pump and c losed  r ecyc le  loop, w i th  i n s t r u -  
mented c o n t r o l  panel.  

The purpose of t h i s  nine-month e f f o r t  w a s  the  cont inua t ion  
and f u r t h e r  improvement of the  design,  components, and f a b r i -  
c a t i o n  procedures of modules of the  s i z e  r equ i r ed  f o r  a 
one-man u n i t  and the  ob ta in ing  of f u r t h e r  ope ra t iona l  and 
long-term r e l i a b i l i t y  d a t a  f o r  such u n i t s .  This r e p o r t  
desc r ibes  the  f u r t h e r  product ion of s t a b i l i z e d  z i r c o n i a  
compacts by hot  press ing ,  t he  improvement and s tandard iza-  
t i o n  of f a b r i c a t i o n  procedures f o r  drums and modules, and 



t h e  work leading  t o  the  development of b e t t e r  e l ec t rodes  
and g r ids .  The assembly and t e s t i n g  of e i g h t  e l e c t r o l y z e r  
modules i s  described. The modules conta in  improved ceramic- 
to-ceramic and ceramic-to-metal  seals, improved e l ec t rodes  
and g r i d s ,  and improved cons t ruc t ion  and assembly procedures.  
Based on these  results,  e l e c t r o l y z e r  modules t h a t  produce 
brea thable  oxygen f o r  a t  least t h r e e  months on continuous 
ope ra t ion  can now be made r e l i a b l y .  

2 



Sect ion  2 

HOT PRESSING 

2 . 1  GENERAL 

Forty compacts of rare e a r t h  ox ide - s t ab i l i zed  z i r c o n i a  were 
ho t  pressed t h i s  year  according t o  the  procedure descr ibed i n  
t h e  F i r s t  and Second Annual Reports (Refs. 1 and 2) .  The pow- 
d e r  compositions and hot -press ing  parameters employed and the  
d e n s i t i e s  obtained are given i n  Tables 2-1, 2 - 2 ,  and 2-3. An 
eva lua t ion  f i g u r e  f o r  t he  m a x i m u m  relative poros i ty  of t he  
s l i c e d  and a i r - f i r e d  d i sks  obtained from the  var ious  press ings  
i s  given i n  the  f i n a l  column. A f i g u r e  of one i n d i c a t e s  a low 
p o r o s i t y ,  just  enough t o  be s i g n i f i c a n t l y  d e t e c t a b l e  on the  
vacuum leak  rate t e s t  employed, A f i g u r e  of approximately t e n  
on t h i s  scale i n d i c a t e s  a po ros i ty  high enough t h a t  a de t ec t ab le  
l e a k  rate of CO/CO2 i n t o  the  oxygen might be obtained i f  t he  
d i s k  w e r e  t o  be f a b r i c a t e d  i n t o  an e l e c t r o l y z e r  component. The 
values l i s t e d  are f o r  the  most porous d i s k  from each pressing.  
Due t o  the  s p a t i a l  v a r i a t i o n  of d e n s i t y  wi th in  a given compact, 
Most of the  d i sks  cut from it  w i l l  have po ros i ty  f i g u r e s  much 
lower than  the  m a x i m u m ,  w i t h  several having f i g u r e s  less than 
u n i t y  even when t h e  most porous d i s k s  exceed a value of ten.  
A l l  of the  scandia  used t h i s  year  i n  the  p repa ra t ion  of t he  
powders w a s  ob ta ined  from t h r e e  packages ( l abe led  RC3, 4 ,  and 
5 i n  the  t a b l e s )  of a s i n g l e  l o t  produced by Research Chemicals 
Div is ion  of Nuclear Corp. of America. The zirconium content  
w a s  obtained from several d i f f e r e n t  l o t s  of oxychloride made by 
TAM Divis ion  of Nat ional  Lead Company (and l i s t e d  i n  the  t a b l e s  
as TAM 11, 15/2,  and 19) .  

2.2 Sc2O3 STABILIZED ELECTROLYTES 

Th i r t een  addi t iona l .compacts  were prepared from powder of com- 
p o s i t i o n  (ZrO2>o,93(Sc203)0.07 i n  a cont inua t ion  of the  s l i g h t l y  
lower Sc2O3 content  series s t a r t e d  during the  previous r e p o r t  
year  (Ref. 2 ,  Table 5-2). No d i s k  s l i c e d  from the  22 press ings  
of thris composition ( inc luding  t h e  nine from the  previous year )  
had a p o r o s i t y  f i g u r e  h igher  than  two, and most were less than 
one, when made from powder prepared by our  s tandard  technique. 

Most of the  e l e c t r o l y t e  material prepared during the  previous 
two years  has employedthe composition (ZrO2)0.92(Sc203)0.08. 

3 



rl 
I 

N 

a, 
rl 
P a 
f3 

!3 
0 
pc 
b 
0 

0 
n 
m 

0 
m 
m m 
0 
n 

N 

* 

% 
W 

* 

ok 
N 
W 

I 

m 
$2 

E 

H 
m 
v) 
W 

I3 
0 =e 

Q) 
k 
rn 
3- 

t W  
E4 

k 
Q) a 
3 
0 

pc 

b[ c 
*I4 
rn 
rn 
Q) 
k 

pc 

m 
0 
rl 

rl 
rl 
rl 

n 
0 
rl 
rl 

n 
m 
0 
rl 
I 
a 

4 



N 
I 
cv 
al 
rl 
P 
(d 

E-r 

0 
PI 
co 
0 

0 

m 

u 
rn 

. 
Ocv 

W 

N m 
0 
. 

n 

k 
N 

ON 

W 

I 

rn 
c3 

rn 
rn 
W 

5 

E 
E-c 
0 
3: 

M 
C 
d 
v) 
v) 
al 
k 
PI 

5 



I 

v) 
c3 z 
H cn 
v) w cr; 
PI 

w 
0 
3: 

m 
0 

0 
. 

n 

m 
0 . 
0 
n 

N 
N \  \ m  m 
m r l r l  

m 

m 
0 

0 
n 
cr) 

. 
% * 
W 

d 
0 

0 
n 
m 

u cn 
%I 

W 

la 

I 0 0 0 0 0 0  m d o Q m Q  

m c o t  

fi 
b 
0 
k a 

U 5 
cd 
k 
Q) a 
U 

d 
(d 
9-l u 
Q) a 
m 
k 
0 
W 

U 

U 

Q) 
a, cn 

-1< 

!il 

3 

6 



At this Sc2O3 content, the overall density achieved for the 
hot-pressed compacts tends to be more variable (than at the 
seven mole percent Sc2O3 stabilization level) with the occa- 
sional production of sliced disks with an unacceptably high 
porosity. For the seventeen compacts of this composition 
made this year, the first two continue in this trend; how- 
ever, the bulk of the recent (ZrO2)0.92(Sc203)0.08 material 
is high density-low porosity. 

With the completion of three years of hot pressing scandia- 
stabilized zirconia, some of the less obvious factors con- 
trolling the quality of the product have been discerned. 
The porosity of the disks sliced from a given hot-pressed 
compact of seven or eight mole percent scandia-stabilized 
zirconia is a sensitive function of the average density of 
the compact. The change from some porous to all non-porous 
disks (defined operationally for our purposes) takes place 
in the range 95 to 96% of theoretical density. The density 
of the compacts depends upon the hot-pressing conditions and 
the level of scandia stabilization. At the seven mole percent 
level it has always been possible to make high density com- 
pacts (yielding all low porosity disks) within the operational 
limits of the hot press. This has not always been the case 
at the eight mole percent level, which requires higher ram 
pressures to achieve equivalent density. The ram pressure 
requirement, to obtain a given density for a given composi- 
tion, appears to correlate with the manufacturer's lot nwn- 
ber of the TAM zirconium oxychloride used to prepare the 
powder (see Table 2-4 ) .  
tained during the course of this contract, were subjected to 
comparative emission spectographic analysis. The amounts of 
detectable impurities appear fairly uniform among the lots. 
If only the elements Si, Fe, Al, and Ti are considered (on 
the basis that the remainder can all be used in the formation 
of stabilized zirconia), the two packages from lot no. 15 may 
be considered as slightly "purer" than the others. 

Samples from all lots of TAM, ob- 

A variation in the preparation procedure was made for powder 
batches B-110 and B-111 (see Table 2-1). When the TAM zir- 
conium oxychloride is dissolved, there remains a dark, gela- 
tinous, insoluble residue. Ordinarily this residue is in- 
corporated into the subsequent powder. 
the residue was removed by filtration. 
at this time, as to whether the higher than usual porosity 
observed in compact G-159 was due to the possible removal of 
desirable impurities from the powder. 

For these two batches, 
One can only speculate, 

7 



w 
p?; 
0 
I4 

* 
X 
0 

5? 

i5 

cr 
0 
rn 
W 
rn 

4 3 

is? 4 h m m m o  m d Q 0  
o r l o o  0 0 0 0  . . . . . . . . .  
0 N V 

k 

0 
I4 
$ 

b q  00 h 
0 

0 0 0 0  . . . . . . . . .  
0 N V 

k 

H 00 m b d m d o  r l r l c o o  
0 0 0 0  0 0 0 0  

0 N v 
. . . . . . . . .  

k 

M 
-rl 
X 

2 

b q  m m 
m m N  N r l 4 - 0  o ~ o o m o o o o  . . . . . . . . .  
0 N 

b q  m b 
4' rl N r l Q O  o h l r l o m o o o o  
0 N 
. . . . . . . . .  

L L 

k 
a, 
3 s r 

L 

h 
rl 
P 
(d 
P 
0 
k a 

0 
M 
G 
4 
v1 
m 

a 
m 
0 
N 
0 
rn 

I 
N 

0 I. 

k 
N 

0 
3 u 
k 
0 
u-l 

a 
a, 

.n 

c 

s 
h 
rl c 
0 

j: 

8 



The d a t a  i n  Tables 2 - 1  and 2-2 show t h a t  very low poros i ty  
d i s k s  can  be made a t  both seven and e i g h t  mole percent  scandia  
wi th  the  use of TAM l o t  no. 19. A t  these  very high d e n s i t i e s ,  
t he  compacts are more d i f f i c u l t  t o  slice. It has been found 
necessary t o  reduce the  r a t e  of s a w  advance t o  avoid mechani- 
cal damage t o  the  d isks .  Compact G-152, pressed t o  almost 
f u l l  t h e o r e t i c a l  dens i ty ,  could not  be s l i c e d  us ing  our f o r -  
m e r  procedure. With reduct ion i n  r a m  pressure  ( t o  obta in  
compacts wi th  average d e n s i t i e s  i n  the  range 97 t o  98% of 
t h e o r e t i c a l )  a s l i g h t  increase  i n  powder charge (from the  
formerly used 400 g t o  432 g)  and c a r e f u l  a t t e n t i o n  t o  s l ic -  
i n g  procedure,  i t  i s  poss ib le  t o  ob ta in  six good s l i c e s  from 
a high dens i ty  compact. 

2.3 OTHER RARE EARTH OXIDE STABILIZED ELECTROLYTES 

Our work of t he  previous two years has shown t h a t  use of Y2O3 
and/or YbzO3 as the  s t a b i l i z a t i o n  agent  f o r  z i r con ia ,  hot  
pressed  by our technique,  leads  t o  the product ion of thermal 
shock s e n s i t i v e  d i sks ,  presumably due t o  unre l ieved  s t r a i n  
incur red  dur ing  the  press ing  operat ion.  W e  have f u r t h e r  shown 
t h a t  reduct ion  of the  concentrat ion of Y2O3 and/or Yb2O3 g r e a t l y  
reduces the thermal shock s e n s i t i v i t y .  To determine whether 
low level s t a b i l i z e d  z i r con ia  might be s u i t a b l e  f o r  use as 
e l e c t r o l y t e  material, a d i s k  from p res s ing  G-92 (Ref. 2 ,  Table 
5-3) of composition (Zro2)0.96(Yb203)0.04 w a s  f i t t e d  wi th  e l e c -  
t rodes  and i t s  i o n i c  conduct ivi ty  measured as descr ibed i n  Ref. 
1, Sect ion 5. The conduct ivi ty  of the  (Zr02)o.g6(Yb203>o,o4 
d i s k  w a s  found t o  be one t h i r d  of  the  value obtained f o r  the  
h ighly  conducting (ZrO2>o0g2(Sc203)o.o8 d i sks  i n  the  tempera- 
ture range of i n t e r e s t  (800-9OOOC). 

The thermal shock r e s i s t a n c e  of  hot-pressed Zr02  s t a b i l i z e d  
a t  the  four  mole percent  level wi th  Y2O3 or Yb2O3 i s  s t i l l  not  
q u i t e  as good as that f o r  Zr02 s t a b i l i z e d  wi th  seven o r  e i g h t  
mole percent  Sc2O3. I t  appeared l o g i c a l  t o  propose t h a t  Z r 0 2  
s t a b i l i z e d  wi th  a mixture of Sc2O3 p lus  Y2O3 and/or Yb2O3 
should be more r e s i s t a n t  t o  thermal shock than wi th  l o w  Y2O3 
and/or  Yb2O3 alone. Such has been found t o  be the  case. Nine 
compacts of Zr02 s t a b i l i z e d  wi th  Sc2O3 p lus  Y2O3 have been 
pressed,  s l i c e d ,  and a i r  f i r e d  (see Table 2-3). Only two 
d i s k s  from these  compacts have f a i l e d  t h e  s tandard thermal 
shock test. The m a x i m u m  relative poros i ty  f igu res  f o r  these 
d i sks  are higher  than might be expected. The t o t a l  s t a b i l i z a -  
t i o n  level does not exceed seven mole percent ,  where, i n  the 
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case of stabilization by SczO3 alone, low porosity material 
is produced, even with TAM lot no. 15 as source material. 
The ionic conductivity for oxygen transport for the mixed 
stabilizer material is lower than expected, being about the 
same as that measured for the (Z~O,>O.~~(Y~,O~),~O~ composi- 
tion disk discussed above. 

One hot pressing (G-151) was made using powder prepared during 
the first year of this contract (Ref. 1) stabilized at the 
nine mole percent level with yttria only. 
pressings of this composition yielded electrolyte material 
that was too sensitive to thermal shock to be useful. In 
this case, the temperature program of the hot-pressing 
schedule was modified to include a one-hour hold at 1200°C, 
on the hypothesis that holding at a temperature where the 
bulk of the densification takes place might lead to a reduc- 
tion in strain. After removal from the hot press, the com- 
pact split in half on reheating to approximately 15OoC. 

A l l  previous hot 



Sect ion 3 

IMPROVEMENT AND STANDARDIZATION OF FABRICATION PROCEDURES 

3.1 CERAMIC MACHINING 

3 . 1.1 D r u m  Components 

The ''drumR conf igura t ion  of e l e c t r o l y z e r  module sub-uni ts  has 
been descr ibed i n  Ref. 2. Most of t he  drum bodies (and a l l  
those used i n  e l e c t r o l y z e r s )  have been f ab r i ca t ed  from slices 
cut from tubes o r  c ruc ib l e s  of z i r c o n i a  p a r t i a l l y  s t a b i l i z e d  
wi th  c a l c i a .  These tubes and c r u c i b l e s ,  obtained from an 
ou t s ide  vendor (Zirconium Corporation of America), vary con- 
s ide rab ly  i n  diameter ,  w a l l  th ickness  and roundness f o r  any 
given nominal s i z e .  
seal conf igura t ion  (Fig. 3-11, it i s  necessary t o  machine a 
s t e p  on the  i n t e r i o r  diameter of each end of the  s l i c e ,  t o  
accommodate the  e l e c t r o l y t e  d i s k  and the  braze f i l l e t .  The 
s t e p s  i n  the  e a r l y  edge seal drum bodies were successfu l ly  
machined wi th  the  use of a s p e c i a l  cor ing t o o l ,  shown i n  
Fig. 3-2.  Although e x c e l l e n t  seals were obtained i n  bodies 
wi th  c o r e - d r i l l e d  s t e p s ,  only a few of t he  tubes and c ruc ib l e s  
suppl ied by the  vendor were uniform enough t o  be machined by 
t h i s  method. 

To produce a drum body wi th  the  edge 

A g r e a t e r  f l e x i b i l i t y  inceramicmachining w a s  a t t a i n e d  by 
modifying a s tandard  m e t a l  working l a t h e  t o  take a gr inding 
motor i n  place of t he  normal t o o l  ho lder  (see Fig. 3-3 ) .  
With the  ceramic p a r t  he ld  i n  the  j a w s  of the  l a t h e  and a 
diamond gr inding wheel i n  the  chuck of t he  t o o l  motor, a 
number of p rec i se  machining operat ions can be accomplished 
i n  a d d i t i o n  t o  formation of drum s t e p s  t o  any des i r ed  i n s i d e  
diameter.  Most of t he  vendor-supplied s tock  can now be used 
t o  prepare drum bodies. 

The s tandard  procedure f o r  the  prepara t ion  of edge s e a l  drum 
assemblies e n t a i l s  s l i c i n g  the  tube s tock  on a diamond-edged 
cut-off  s a w  and gr inding the  cut ends f l a t  and p a r a l l e l  on a 
diamond po l i sh ing  wheel. The fou r  holes ,  f o r  gas p o r t  tubes 
and electrical l eads ,  are d r i l l e d  wi th  diamond impregnated 
b i t s  i n  o s c i l l a t i n g  high-speed d r i l l  presses .  The outs ide  of 
t he  drum body i s  f i n i s h e d  round on the l a t h e  gr inding machine. 
The s t e p s  are c u t  i n  0.100 inch (0.25 cm) from each end and 
then the  i n s i d e  i s  f i n i s h e d  concent r ic  wi th  the  outs ide.  A 
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p a i r  of e l e c t r o l y t e  d i sks  (see Sect ion 2 ,  above) i s  then f i t t e d  
t o  the drum body. Since the  i n t e r i o r  diameter of the s t e p  w i l l  
vary wi th  the  dimension of t he  o r i g i n a l  tube s tock  and the drum 
w a l l  th ickness  d e s i r e d ,  each d i s k  i s  custom f i t t e d .  The f i n -  
i shed  diameter of a d i s k  i s  adjusted by g lu ing  i t  t o  a handle,  
mounting i n  the l a t h e ,  and reducing t o  the  des i r ed  dimension 
by gr inding down the  ou t s ide  edge. A t o t a l  c learance of  about 
0.005 inch  (0.013 em) i s  maintained between the  0.d. of the 
d i s k  and t h e  i .d.  of the  s t e p  w a l l  t o  allow f o r  t h e  brazing 
f i l l e t .  The drum body s t e p s  produced on the  l a t h e  gr inding 
assembly have a r ad ius  a t  the  bottom of the  cut. In  most cases, 
the  i n s i d e  corners  of the d i s k  edges are lapped i n  place t o  
allow s e a t i n g  a l l  the  way t o  the  bottom of the  drum s t ep .  The 
d e s i r a b i l i t y  of t h i s  lapping procedure i s  s t i l l  under i n v e s t i -  
gat ion.  

Several  parameters i n  the machining opera t ions  can a f f e c t  t he  
q u a l i t y  of the  f i n a l  brazed drum assembly. 
r e n t l y  monitored f o r  con t ro l  purposes and c o r r e l a t e d  f o r  pro- 
cess improvement p o t e n t i a l i t i e s  are vendor 's  l o t  of tube 
s tock ,  diameter of s tock ,  o v e r a l l  w a l l  th ickness ,  s e a l i n g  
w a l l  th ickness ,  hole  d r i l l  b i t  type,  d i s k  th ickness ,  brazing 
f i l l e t  gap, lapping procedure ( i f  any) ,  and lapping compound 
used. P r i o r  t o  release of a drum assembly f o r  p l a t i n g ,  the 
p a r t s  are inspec ted  f o r  chips o r  cracks and f i t  of d i sks  t o  
body. The body and d i sks  are then  engraved wi th  unique p a r t  
numbers t o  prevent any mixup i n  subsequent operat ions.  

Among those cur- 

3.1.2 Manifold Tubes 

All manifold tubes (used t o  d i s t r i b u t e  and c o l l e c t  gas from 
a set  of drums i n  a given e l e c t r o l y z e r  module) used i n  the  
cons t ruc t ion  of drum e l e c t r o l y z e r s  have been f a b r i c a t e d  from 
3/8 inch  (0.95 cm) o.d. closed-end alumina tubes obtained from 
an  o u t s i d e  vendor (McDanel Ref rac tory  Porce la in  Company). The 
s m a l l  gas p o r t  t ubu la t ion  holes  are d r i l l e d  wi th  the  s a m e  
equipment used f o r  drum bodies,  except  t h a t  a hand feed i s  
employed t o  avoid over enlargement of t he  holes.  Qual i ty  
c o n t r o l  parameters are the  composition and grade of the  tub- 
i n g  and size of t he  holes  as compared t o  the  tubu la t ion  t h a t  
w i l l  be brazed i n .  

3.2  PLATING 

The ceramic components are p l a t e d  t o  provide a wet tab le  sur- 
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f a c e  t h a t  w i l l  lead t h e  braze f i l l e t  m e t a l  i n t o  the  loca t ions  
des i r ed .  To in su re  a g a s - t i g h t  f i l l e t ,  the  p l a t e  m u s t  be con- 
t inuous over t he  area t o  be brazed, and i t  m u s t  remain  adher- 
e n t  t o  the ceramic s u b s t r a t e  under the  brazing condi t ions used. 
The p l a t e  material used i n  e l e c t r o l y z e r  components i s  platinum, 
a p p l i e d  by e l e c t r o p l a t i n g ,  u s ing  the  b a s i c  procedure descr ibed 
i n  Refs. 2 and 3.  The braze m e t a l  i s  gold (o r  i t s  a l l o y s )  
which d i s so lve  t h e  platinum p l a t e .  Therefore,  another  con- 
d i t i o n  f o r  success fu l  braz ing  i s  t h a t  t he  p l a t e  be t h i c k  
enough so  as not t o  be completely d isso lved  i n  any given area 
p r i o r  t o  s o l i d i f i c a t i o n  of t he  f i l l e t .  Meeting these  s t r i n g e n t  
p l a t e  requirements wi th  a v a r i e t y  of ceramic s u b s t r a t e  composi- 
t i o n s ,  textures, and shapes has r equ i r ed  c lose  a t t e n t i o n  to 
s u b s t r a t e  prepara t ion ;  p l a t i n g  ba th  composition and h i s t o r y ;  
and p l a t i n g  vo l t ages ,  c u r r e n t s  , temperatures and t i m e s .  
Despi te  a l l  p r a c t i c a l  c o n t r o l s ,  e l e c t r o p l a t i n g  remains, i n  
p a r t ,  an opera tor  s e n s i t i v e  technique. To in su re  t h a t  a con- 
s i s t e n t  p l a t e  q u a l i t y  i s  achieved, a series of  pos t -p l a t ing  
q u a l i t y  c o n t r o l  checks has been i n s t i t u t e d .  

The c o n t r o l  procedure f o r  p l a t i n g  z i r c o n i a  e n t a i l s  inspec-  
t i o n  of the  ceramic p a r t s  t o  in su re  that a l l  areas t o  be 
p l a t e d  have been buffed t o  remove any suface glaze.  
buffed,  high f i r e d  ceramic su r faces  can give poor adhesion 
and failure t o  p l a t e . )  The p a r t s  are then scrubbed us ing  a 
m i l d  ab ras ive  (household c l eanse r )  and w e t  wiped and r i n s e d  
p r i o r  t o  i n i t i a t i o n  of the  p l a t i n g  procedure. Alumina sub- 
strates are t r e a t e d  likewise wi th  t h e  a d d i t i o n  of a soak i n  
mi ld  s u l f u r i c  and then i n  n i t r i c  a c i d  fol lowing the  scrubbing. 
During the  s e n s i t i z a t i o n ,  extra ba th  l i q u i d  i s  forced  through 
t h e  ho le s  t o  in su re  subsequent p l a t i n g  i n s i d e .  The ease of 
p l a t i n g  i n s i d e  the holes  can vary w i t h  t he  type of d r i l l  b i t  
employed. E l e c t r o p l a t i n g  i s  i n i t i a t e d  a t  4 t o  5 v o l t s ,  and 
a f t e r  a continuous metallic f i l m  i s  obtained,  t he  vol tage  
i s  reduced t o  approximately 2 v o l t s ,  t o  give a cu r ren t  den- 
s i t y  of t he  o rde r  of 10 mA/cm2 and continued f o r  about 20 
minutes. The p l a t e  i s  then  examined f o r  c o l o r ,  coverage, and 
f o r  absence of pee l ing  o r  b l i s t e r i n g .  If  judged adequate,  
t h e  p l a t e  i s  r i n s e d  and f i r e d  i n  air  a t  a nominal 1250OC. I f  
judged inadequate,  t he  p l a t i n g  per iod  may be prolonged, o r  
t h e  p l a t e  removed by buf f ing  o r  s andb las t ing  and the  e n t i r e  
sequence r e i n i t i a t e d .  A f t e r  f i r i n g ,  the p l a t i n g  thickness  i s  
measured by weight ga in  and the  adherence judged by s c r a t c h  
tests on p l a t e d  areas which w i l l  be removed p r i o r  t o  brazing. 
I f  the weight ga in  i s  found t o  be below about 5 mg/cm2, addi -  
t i o n a l  p l a t i n g  may be c a r r i e d  out .  

(Un- 

I f  t h e  adhesion i s  poor,  



t he  p l a t e  i s  removed and the  sequence repeated.  The exac t  
p l a t i n g  c u r r e n t s  and t i m e s  w i l l  be v a r i e d  s l i g h t l y  according 
t o  the  performance on s i m i l a r  p a r t s  previously p l a t e d  from 
t h e  same bath. P l a t i n g  bath records are kep t ,  inc luding  the  
manufacturers '  l o t s  f o r  both components and makeup addi t ions .  
When a ba th  f a i l s  t o  give the  d e s i r e d  p l a t e ,  i t  i s  replaced. 
Each ceramic p a r t  i s  assigned a unique p l a t i n g  record number 
s o  t h a t  t h e  resul ts  of f u t u r e  opera t ions  can be c o r r e l a t e d  
w i t h  p l a t i n g  parameters. 

3 . 3  SEALING 

3 . 3 . 1  D r u m  Components 

The h i s t o r y  of t he  evo lu t ion  of t he  e l e c t r o l y z e r  module sub- 
u n i t  i n t o  the  p re sen t  edge-sealed drum conf igu ra t ion  has been 
documented i n  R e f .  2 .  Since t h i s  s e a l i n g  conf igura t ion  has 
been h ighly  successful f o r  t h e  product ion of g a s - t i g h t  sub- 
u n i t s ,  no change i n  the  b a s i c  design has been necessary. A l l  
work t h i s  year  on drum s e a l i n g  has been o r i e n t e d  toward i m -  
provements and s t anda rd iza t ion  of the  furnace brazing proce- 
dure.  Our advances i n  the  technology of s e a l i n g  the  drums t o  
t h e  gas manifold tubes (discussed below) have e l imina ted  the  
n e c e s s i t y  of s e q u e n t i a l  furnace braz ing  ope ra t ions ;  t hus ,  
only one composition of brazing f i l l e t  material i s  required.  
Gold has been chosen as our s tandard  braze material. It  has 
a convenient mel t ing  temperature (1063OC) w e l l  above the  
ope ra t ing  temperature of the  e l e c t r o l y z e r ,  but w i t h i n  t h e  
ope ra t ing  temperature range of ord inary  wirewound furnaces.  
A f t e r  mel t ing ,  gold r e a d i l y  flows i n t o  the  f i l l e t  areas, i n  
c o n t r a s t  t o  non-eutect ic  alloyw, which m e l t  over a tempera- 
ture range and flow s luggish ly .  
y e a r ' s  program, however, two drums were success fu l ly  sea l ed  
us ing  a gold-palladium braze (melt ing po in t  -llOO°C) . This  
approach w a s  not pursued any f u r t h e r .  

A t  t h e  beginning of t h i s  

O u r  s tandard  brazing procedure c a l l s  f o r  t h e  removal of a l l  
excess platinum p l a t e  from the  ceramic p a r t s  by diamond wheel 
g r ind ing  o r  sandblast ing.  P l a t e  i s  r e t a i n e d  on t h e  ver t ical  
surface of t he  drum s t e p  s e a l i n g  w a l l ,  on the  edge of t he  
d i s k s ,  and on a s m a l l  area around each tube and w i r e  ho le ,  
as w e l l  as i n s i d e  the  holes.  El iminat ion of the  excess 
p l a t e d  area acts t o  keep the  melted gold,  during braz ing ,  
i n  the  areas t o  be f i l l e d  and avoids electrical  sho r t ing  and 
f i l l e t s  having reduced cross  sec t ion .  A c i r c l e  of 0.020 inch  
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(0.05 cm) diameter gold i s  placed i n t o  each drum s t e p  and 
each d i s k  i s  placed over t h i s  c i rc le ,  t ak ing  ca re  t o  pass 
the  i n t e r n a l  g r i d  lead  w i r e s  though t h e i r  corresponding holes  
i n  the  drum body. The gas p o r t  t ubu la t ions  are i n s e r t e d  and 
a wrap c o n s i s t i n g  of 1% t u r n s  of 0.020 inch  (0.05 cm) diameter 
gold w i r e  i s  placed around each w i r e  and tube ad jacent  t o  the  
ou t s ide  w a l l  of the  drum. The drum i s  then mounted on a ceramic 
j i g  (Fig. 3 - 4 )  wi th  provis ions  f o r  suppor t ing  the  gas p o r t  
tubes.  A band of  ceramic cement i s  placed around each tube 
and w i r e  t o  keep the gold near t h e  drum body. 
of gold metal i s  placed on the  edge of t he  drum t o  act  as a 
visual temperature f l a g .  

A s m a l l  square 

The j i g  i s  placed i n t o  a vertical exposed w i r e  e l emen t  tube 
furnace and supported so t h a t  the  drum i s  centered  i n  the 
furnace.  Weights and a thermocouple are put  i n t o  p lace  and 
t h e  furnace i s  s e a l e d ,  w i th  a view p o r t  a t  the  top  t o  allow 
observa t ion  of the  f l a g  and one w i r e  o r  tube wrap. The t e m -  
p e r a t u r e  of  t he  furnace i s  r a i s e d  over t he  course of two t o  
t h r e e  hours t o  105OOC. A t  t h i s  p o i n t ,  f u l l  furnace power i s  
app l i ed  t o  raise the  temperature quick ly ,  i n  about two min- 
utes, t o  approximately 1O8O0C a t  the  thermocouple locat ion.  
Melting t i m e s  of t he  gold wrap and f l a g  are noted and the  f u r -  
nace power i s  turned o f f  c lose  t o  % minute af ter  complete 
mel t ing  of t he  f l a g .  The temperature f a l l s  below the gold 
po in t  r a p i d l y ,  t ak ing  about one minute a f t e r  power o f f .  The 
rate of temperature fall decreases ,  t ak ing  overnight  t o  
approach room temperature. When cool ,  t he  drum seals are 
examined, t ak ing  note of whether t he  gold a l l o y  braze has 
e n t e r e d  a l l  t he  tube and w i r e  ho les  and whether a continuous 
band of gold has been extruded around each d i s k  seal. 

The time-temperature brazing sequence descr ibed has been de- 
veloped f o r  z i r c o n i a  drum bodies and a given furnace geometry. 
The tube and wire braze wraps are exposed t o  the  inc iden t  
r a d i a t i o n  from t h e  hea t ing  element,  bu t  the  d i s k  seal braze 
c i rc le  i s  i n s i d e  the  drum. The actual temperatures achieved 
a t  t h e  s e a l i n g  areas depend upon t h e  several rates of hea t  
absorp t ion ,  emission, and conduction of the  ceramic and m e -  
t a l l i c  components involved. All s e a l i n g  area temperatures 
m u s t  be high enough t o  allow the  gold t o  flow, but  must not 
be too  high nor kept  a t  temperature too  long o r  t he  gold w i l l  
completely d i s s o l v e  the  platinum p l a t e .  I f  an a l t e r n a t e  
ceramic i s  s u b s t i t u t e d  f o r  the Z r 0 2  drum body ( f o r  i n s t ance ,  
A1203) t h i s  time-temperature sequence i s  no longer app l i cab le  
and a l l  t h e  braze material may not  m e l t .  On the  o t h e r  hand, 
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a l l  mechanically sound z i r c o n i a  drum bodies sea l ed  t h i s  y e a r ,  
have been g a s - t i g h t  provided the  p l a t i n g  w a s  appl ied  using the  
improved procedures and con t ro l  techniques descr ibed i n  sub- 
s e c t i o n  3.2 above. 

Several  drum bodies were sea l ed  t h i s  year  employing an  a l ter-  
n a t e  furnace brazing philosophy. I n  t h i s  case, the  furnace 
temperature i s  r a i s e d  t o  only a f e w  degrees above the  braze 
mel t ing  po in t  a n d h e l d f o r  a long period. 
so lve  the  p l a t e  u n t i l  t he  a l l o y  s o l u t i o n  becomes s a t u r a t e d  a t  
the  furnace temperature, and then the  a l l o y  f r eezes .  Basic 
requirements are t h a t  t he  f i n a l  temperature r i se  be f a s t  
emough t o  allow a l l  the  braze material t o  flow before the  
a l l o y i n g  a c t i o n  i s  complete, and t h a t  t he  temperature con t ro l  
be accu ra t e ,  s teady ,  and uniform throughout the  furnace.  
Advantages of t h i s  brazing technique are t h a t  t he  hea t  ab- 
s o r p t i o n  and conduction rate of the  several components become 
less important,  the  process  may be more e a s i l y  automated, and 
many drums could be sea l ed  simultaneously i n  a l a r g e ,  uniform 
temperature furnace.  
w i t h  ceramic-shielded hea t ing  elements on four  sides w a s  
used t o  t r y  t h i s  brazing technique. 
bu t ion  w a s  not  q u i t e  as uniform as w a s  d e s i r e d  (hea t  l eak  
through the  door and back w a l l  lowered the  temperature on 
p a r t s  f ac ing  those d i r e c t i o n s  below t h e  gold melt ing p o i n t ) ,  
however the  drums w e r e  s ea l ed  s u c c e s s f u l l y  and the  f e a s i b i l i t y  
of t h e  method has been demonstrated. 

The braze can d i s -  

A moderate s i z e  box furnace equipped 

The temperature d i s t r i -  

3.3.2 Manifold Assemblies 

Furnace braz ing  of manifold assemblies and o t h e r  non-drum 
seals have been descr ibed  i n  R e f .  2.  A l l  e l e c t r o l y z e r  modules 
through 2-12 were brazed toge the r  by i n s e r t i o n  of the drum gas 
p o r t  t ubu la t ions  d i r e c t l y  i n t o  the  manifold d i s t r i b u t i o n  tubes 
and braz ing  w i t h  the  e n t i r e  module assembly i n  the  furnace.  
The braze material used w a s  s i l v e r - g o l d  a l l o y ,  o r  sometimes 
pure s i lver ,  t o  avoid r a i s i n g  t h e  drums previously sea l ed  wi th  
gold back t o  t h e i r  o r i g i n a l  s e a l i n g  temperature. 

An advance i n  manifold s e a l i n g  technology has been e f f e c t e d  
by the  i n t r o d u c t i o n  of t o rch  braz ing  for  j o i n i n g  s m a l l  metal 
t ubu la t ions .  
jo ined  us ing  gold as the  braze material. I n  our  current pro- 
cedure,  m e t a l  tube s t u b s  are furnace brazed i n t o  alumina mani-  
f o l d  tubes independently of  the  drums. The drum p o r t  tubula-  
t i o n s  are then  t o r c h  brazed t o  the  s tubs  on the  manifold tubes 
t o  give a completed e l e c t r o l y z e r  module. 

Both P t - I r  and Au-Pd a l l o y  tubes have been 

Several coupling 
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techniques have been employed. I n  the " l a rge  stub" method, 
t h e  smaller 0.070 inch  (0.18 cm) 0.d. drum tubula t ions  are 
s l i p p e d  d i r e c t l y  i n t o  l a r g e r  0.100 inch (0.25 cm) o,d. x 
0.072 inch  (0.18 c m )  i . d .  s t u b s  on the manifolds. Small 
diameter tubu la t ions  have a l s o  been furnace brazed t o  both 
components, and then jo ined  toge ther  by use of l a r g e r  diame- 
t e r  coupling. The la t te r  method r e q u i r e s  two to rch  brazes 
pe r  manifold connection. I n  our  p r e f e r r e d  "compound s tub" 
method, each l a r g e r  diameter coupling i s  f i r s t  t o rch  brazed 
t o  a smaller diameter manifold s tub.  The s m a l l  ends of the  
compound tubes are then furnace brazed i n t o  the  alumina 
manifold tubes. The drum-to-manifold j o i n t s  are then made by 
a s i n g l e  to rch  braze per  connection. 

Furnace braz ing  of the  j o i n t s  i n  the  manifold tubes i s  performed 
i n  a manner s i m i l a r  t o  t h a t  f o r  t he  drum sealup.  
p l a t e  on the  alumina manifold tubes is  f i r s t  checked f o r  t h i ck -  
ness  and adherence. I f  deemed s a t i s f a c t o r y ,  t h e  excess p l a t e  
i s  removed t o  leave a s m a l l  area around each hole .  Tubulation 
s t u b s  are i n s e r t e d  wi th  a wrap of 1% t u r n s  of 0.020 inch  
(0.05 cm)  gold w i r e  ad jacent  t o  the  p l a t e d  area, the  assembly 
i s  mounted i n  a s p e c i a l  ceramic j i g  ( see  Fig. 3-5 )  and the  
brazing ope ra t ion  i s  c a r r i e d  out  as descr ibed above f o r  drums. 
Because of t h e  l eng th  of t h e  p re sen t  s t y l e  of manifold tubes 
(two f e e t  long) no at tempt  has been made t o  furnace braze 
them us ing  t h e  "constant  temperature" technique descr ibed 
above i n  sub-sec t ion  3 . 3 . 1 .  

The platinum 

3 . 3 . 3  Tes t ing  

Following each furnace o r  t o rch  brazing run ,  the  p a r t i c u l a r  
sub-assembly i s  tested f o r  leaks  a t  room temperature us ing  
the  "At/Ap test" descr ibed  i n  Ref. 2. Due t o  the  g r e a t e r  
i n t e g r i t y  and low leak rates provided by the  cu r ren t  brazing 
techniques,  t he  less s e n s i t i v e  w a t e r  manometer ve r s ion  of 
t h e  At/Ap test  has been completely superseded t h i s  year  by 
t h e  more s e n s i t i v e  dry  gauge sys t em.  The "thermocycle" test-  
i n g  procedure formerly employed as a gauge of seal r e l i a b i l i t y  
has become unnecessary,  s i n c e  edge-sealed drums have shown no 
s i g n i f i c a n t  degradat ion i n  seal q u a l i t y  on r ehea t ing  t o  braz-  
i n g  temperatures.  I n  genera l ,  t h e  brazed ceramic and m e t a l  
assemblies now being produced e x h i b i t  a l eak  rate of  the  o rde r  
of f i v e  t i m e s  less than  the  "pass - f a i l "  po in t  of two minutes 
us ing  the  o l d  water manometer v e r s i o n  of the  At/Ap test .  
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3.4 ELECTRICAL LEADS 

A gold a l l o y  (96.5% Au, 3.5% Pd, by weight) has been suc- 
c e s s f u l l y  s u b s t i t u t e d  f o r  platinum i n  t he  1 mm diameter 
e lec t r ica l  l ead  w i r e s  s ea l ed  i n t o  the  z i r c o n i a  drums. This 
change inc reases  the  electrical  conduct iv i ty  s i g n i f i c a n t l y  
( a  f a c t o r  of  3.2 a t  883OC), thereby lowering vol tage  l o s s e s  
and reducing I2R hea t ing  of t he  w i r e s .  (Such hea t ing  may 
have cont r ibu ted  t o  t h e  cracking of drum bodies i n  two 
modules of t h e  one-man u n i t  d i scussed  i n  sub-sect ion 5.1, 
be low. ) 

3.5 GAS FLOW 

The ques t ion  of equal  d i s t r i b u t i o n  of gas flow t o  several 
drums i n  a 2 u n i t  has been a matter of concern, s ince  a 
g rad ien t  i n  pressure  along the manifold would starve the  
drums toward the  end of t he  tube. An a n a l y s i s  us ing  b e s t  
estimate high-temperature gas p r o p e r t i e s  confirms t h a t  the 
gas d i s t r i b u t i o n  i s  indeed uniform f o r  t he  present  design. 
The c r i t e r i o n  f o r  good manifold d i s t r i b u t i o n  i s  t h a t  the  
p re s su re  drop a t  each ex i t  should be a t  least t e n  t i m e s  the  
pressure  drop a long  t h e  l eng th  of t he  manifold (Ref. 4 ) .  

The p r i n c i p a l  pressure  l o s s e s  are: 1) through the  length  
of  7.1 mm diameter manifold tub ing ,  2)  a t  ex i t  and entrance 
of t he  1 mm m e t a l  connecting tubes ,  and 3)  though the  length  
of t h e  1 mm connecting tubes.  Pressure  drop across  the  elec- 
t r o l y z e r  drums i s  n e g l i g i b l e ,  s i n c e  the  flow cross  s e c t i o n  i s  
r e l a t i v e l y  la rge .  

The manifold tube flow has a temperature g rad ien t  from 25OC 
t o  nea r ly  900°C a t  the working end. 
d e n s i t y ,  and volume w e r e  calculated from published values f o r  
C 0 2  and the  p e r f e c t  gas law.  
taken from t h e  Fanning pipe f r i c t i o n  equat ion ,  

Mean values of v i s c o s i t y ,  

The pressure  drop w a s  then 

where the  f r i c t i o n  f a c t o r ,  f ,  i s  obtained from f r i c t i o n  f ac -  
t o r  vs. Reynold's number curves, aga in  taken as the  a r i t h m e t i c  
mean a long  t h e  manifold. 
t o t a l  flow of 600 m l / m i n  i s  then  0.035 inch of w a t e r  i n  the  
manifold. 

The approximate pressure  drop f o r  a 
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The pressure  drop along the  1 mm diameter m e t a l  t ubu la t ion  
w a s  l ikewise taken from the  pipe f r i c t i o n  equat ion ,  w i th  
p rope r t i e s  a t  900°C and 1 / 6  of t he  t o t a l  flow ( f o r  a six- 
drum module). This drop, the most s i g n i f i c a n t  p a r t  of the  
t o t a l  flow l o s s ,  i s  0.36 inch  of water f o r  each tube. Each 
drum has two tubes.  

Entrance and exi t  lo s ses  a t  the ends of the 1 mm tubu la t ion  
are taken from the well-known f l o w  loss  equat ion 

where the  c o e f f i c i e n t ,  CD, i s  assumed t o  be 0.5 f o r  square- 
edged entrances.  This loss  i s  0.032 inch  of w a t e r  a t  each 
end  and t h e r e  are four  ends f o r  each drum. 

The t o t a l  p ressure  drop per  drum i s  c a l c u l a t e d  as 0.808 inch 
of  water (two tubes and four  ends).  This t o t a l  back pres-  
sure per drum i s  the  e f f e c t i v e  ex i t  drop "seen" by the mani-  
f o l d  i n  regard  t o  d i s t r i b u t i o n .  The r a t i o  of ex i t  drop t o  
manifold drop i s  thus 0.808/0.032 = 23 which i s  w e l l  above 
the  m i n i m u m  of 10 suggested by Per ry  (Ref. 4 ) .  W e  are thus 
assured  of uniform flow d i s t r i b u t i o n  i n  the  present  design. 
Care has been taken i n  the  assembly process t o  avoid tubing 
k inks ,  ragged, edges,  and brazing plugs,  which would v a r y  the  
flow t o  ind iv idua l  drums. I t  should be noted t h a t  the  major 
pressure  drop i s  along the  length  of the  1 mm tubing. 

Pressure  drop measurements i n  the  l abora to ry  gave approxi- 
mately th ree  inches of water f o r  the  six-drum modules. This 
included the  flow through several f e e t  of connecting tubing 
and f i t t i n g s .  The discrepancy w i t h  t h e  ca l cu la t ed  pressure  
drop is  due t o  t h i s  f a c t o r  as w e l l  as approximations i n  en-  
t r ance  c o e f f i c i e n t s  and gas property assumptions. Neverthe- 
less, the calculated values are u s e f u l  i n  comparing relative 
pressure  drops i n  var ious  p a r t s  of t he  system, as i n  the  
manifold t o  m e t a l  tub ing  ra t io ,above .  

A t r anspa ren t  P l ex ig l a s  model of a drum w a s  prepared i n  order  
t o  observe i n t e r n a l  c i r c u l a t i o n  of f l u i d  a t  room temperature. 
Water w a s  used as the  model f l u i d ,  w i th  a stream v e l o c i t y  
chosen t o  match the  Reynold's Number of high-temperature gas 
i n  t h e  real  drum. A stream of colored ink  w a s  i n j e c t e d  i n t o  
the  f l u i d  f o r  flow v i s u a l i z a t i o n  just  ahead of the  i n l e t  tub-  
ing.  The model included complete g r i d s  and lead  w i r e s ,  
cemented t o  the  d i s k  inne r  faces. 
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The tubing arrangement i n  which the  en t rance  tube faces  a dia- 
m e t r i c a l l y  opposed e x i t  tube showed very l i t t l e  mixing i n  the 
drum. The f l u i d  moved across  the  drum i n  a j e t  which impinged 
on the e x i t  tube. 

A v a r i a t i o n  w a s  made by tu rn ing  the  e n t r a n c e  tube 900, forming 
a smooth elbow i n s i d e  the  drum. This induced some mixing, bu t  
mostly i n  the  h a l f  of t he  drum toward which the  elbow pointed. 

A second v a r i a t i o n  w a s  made by capping the  end of t he  i n l e t  
tube wi th  gold braze and d r i l l i n g  two lateral  holes  0.5 mm i n  
diameter across  the  tube. This r e s u l t e d  i n  two streams which 
swept around the  per iphery of t he  drum w i t h  s u b s t a n t i a l  s w i r l -  
ing.  Entrance nozzles of t h i s  type have been incorporated 
i n  the  six-drum e l e c t r o l y z e r ,  2-17, and i n  a l l  subsequent 
e l e c t r o l y z e r s .  

A s tandard  procedure has been developed f o r  i n s u r i n g  t h a t  the  
pressure  drop through a l l  double-hole drum ent rance  nozzles 
i n  a given e l e c t r o l y z e r  module w i l l  be s u b s t a n t i a l l y  equal.  
A f t e r  f a b r i c a t i o n  of t he  nozzle,  and before s e a l i n g  i t  i n t o  
a drum, gas i s  passed through the  nozzle and t h e  flow rate 
noted f o r  a def ined  pressure  drop. The s i z e  of the  lateral  
holes  i s  then c a r e f u l l y  enlarged,  i f  necessary,  u n t i l  t he  
flow rate f o r  a set  of nozzles i s  the  s a m e .  These flow 
rates are recorded and become p a r t  of t h e  record kept  on each 
drum (along wi th  the  p l a t i n g ,  b raz ing ,  and tes t  h i s t o r i e s  
and r e s u l t s )  f o r  poss ib l e  f u t u r e  c o r r e l a t i o n .  

3.6 SUMMARY OF ELECTROLYZER DEVELOPMENT 

Severa l  major improvements i n  e l e c t r o l y z e r  assembly procedure 
have been made during t h i s  c o n t r a c t  year.  The use of to rch  
braz ing  f o r  f i n a l  manifold connections has been descr ibed 
above i n  sub-sec t ion  3 . 3 . 2 .  The f a b r i c a t i o n  of a l l  e l e c t r o -  
l y z e r  modules t h i s  year  has e n t a i l e d  some v a r i a t i o n  of the  
to rch  braze method. These e l e c t r o l y z e r  modules are l i s t e d  
i n  Table 3-1. 
below) have been assembled us ing  t h e  new higher  conduct iv i ty  
gold-palladium a l l o y  leads  descr ibed  i n  sub-sect ion 3 . 4 .  

All of the  drums (with one except ion noted 

The design of drum gas p o r t  en t rance  nozzles has evolved dur-  
i n g  the  course of t he  year.  The p a r t i c u l a r  design used i n  a 
given module i s  noted i n  Table 3 - 1  and descr ibed i n  sub-sect ion 
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3 . 5 .  
paten ted  by The Wilkinson Company) has been used f o r  a l l  gas 
p o r t  t ubu la t ions  i n  drums f a b r i c a t e d  t h i s  year  as an  economy 
measure and does not r e f l e c t  a commitment t o  t h i s  a l l o y  as a 
"material of choice" f o r  f u t u r e  space o r i e n t e d  des igns ,  where 
platinum-iridium a l l o y s  are probably more s u i t a b l e .  Many 
d i f f e r e n t  g r id -e l ec t rode  s t y l e s  have been t e s t e d  through 
t h e i r  incorpora t ion  i n t o  the  drums of t he  several e l e c t r o -  
l y z e r  modules. The p a r t i c u l a r  s t y l e  employed on each drum 
i s  noted i n  Table 3-1 .  The d e t a i l s  of each g r i d  s t y l e  are 
given below i n  Sec t ion  4. Cer ta in  modif icat ions i n  the  man- 
ne r  of e lectr ical  in te rconnec t ion  of the  d i sks  and drums i n  
some of t he  modules have been made i n  a d d i t i o n  t o  the  s t a n -  
dard  series method employed i n  t h e  one-man e l e c t r o l y z e r .  The 
e lec t r ica l  wi r ing  method i s  noted i n  Table 3-1, and exceptions 
t o  the  s tandard  series method are explained i n  the  l i s t  of 
s p e c i f i c  e l e c t r o l y z e r  d e t a i l s  given below i n  Sect ion 5. 

Wilkalloy 1651 a l l o y  ( a  hardened gold-palladium a l l o y  

With the  use of  t o r c h  brazing,  t he  t o t a l  l ength  of connecting 
m e t a l  t ubu la t ion  between the  alumina manifold tube and t h e  
drum body w a s  increased  t o  about 3 . 5  cm. This has allowed 
room t o  m a k e  t he  t o r c h  braze without  mel t ing out  the  p rev i -  
ously furnace brazed j o i n t s .  
l a t i o n  toge ther  w i t h  t h e  use of t he  s o f t e r  Wilkalloy 1651 
a l l o y  f o r  t he  drum gas p o r t s  has l e d  t o  reduct ion  i n  the  
r i g i d i t y  of the  o v e r a l l  connection. I n  t h e  case of the  one- 
man e l e c t r o l y z e r  modules (and earlier drum-type e l e c t r o l y z e r s )  
t h e  drums w e r e  adequately supported d i r e c t l y  from the  manifold 
tubes through t h e  s t i f f n e s s  of  t he  s h o r t  a l l  P t - I r  a l l o y  con- 
nect ions.  It  w a s ,  t h e r e f o r e ,  convenient t o  opera te  t h e  modules, 
f o r  t es t  purposes,  w i th  the  manifold tubes i n  a ver t ical  con- 
f i g u r a t i o n .  
Operating experience wi th  t h e  f i r s t  two to rch  brazed e l e c t r o -  
l y z e r s  demonstrated t h a t  t he  less r i g i d  Au-Pd tubula t ions  
were s u b j e c t  t o  creep through a c t i o n  of t he  weight of t he  
drums a t  e l e c t r o l y z e r  ope ra t ing  temperature. I n  one case the  
r e s u l t a n t  sag  w a s  enough t o  allow e l e c t r i c a l  sho r t ing  between 
t h e  drums. A l abo ra to ry  s o l u t i o n  t o  t h i s  problem w a s  t he  de- 
velopment of t he  h o r i z o n t a l  furnace t e s t i n g  geometry shown 
i n  Fig. 3-6 .  Each alumina manifold tube i s  r i g i d l y  he ld  i n  
a h o r i z o n t a l  p o s i t i o n  by virtue of i t s  pass ing  through a p o r t  
i n  t he  m u l l i t e  envelope c losu re  p l a t e  a t  one end, and through 
a s p e c i a l  Lava A j i g  p l a t e  a t  t h e  o the r  end. The drums are 
supported on the  manifold tubes by F ibe r f r ax  pads t o  avoid 
d i r e c t  ceramic-to-ceramic contac t .  The e x t e r i o r  drum tubu- 
l a t i o n  elbow angle  w a s  changed (during sea lup  of the  drums) 

The inc rease  i n  length  of tubu- 

(See, f o r  i n s t ance ,  Figs.  3-1  and 6 - 4  of R e f .  Ze) 
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Fig. 3-6 Configuration of Drums 
in Horizontal Furnace During Operation 
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so  t h a t  both elbows face  the  same d i r e c t i o n .  This change 
has f a c i l i t a t e d  the  manifold-to-drum assembly f o r  to rch  braz- 
ing.  The p resen t  arrangement i s  considered a labora tory  
s o l u t i o n  only,  s i n c e  ultimate development w i l l  r equ i r e  a 
mounting f o r  drums and manifolds t o  withstand omnidirect ional  
v i b r a t i o n  and a c c e l e r a t i o n  forces .  

The drum bodies used t o  cons t ruc t  the  e l e c t r o l y z e r  modules i n  
Table 3-1  have a l l  (with the  except ion of 2-20, see Sect ion 
5 below) been f a b r i c a t e d  from c a l c i a - z i r c o n i a  s t o c k  t o  an 
o v e r a l l  he igh t  of 0.400 inch  (1.0 cm) and a l l  have the  edge 
seal conf igu ra t ion  (see sub-sec t ion  3 . 3 . 1 )  us ing  gold as the  
brazing f i l l e t .  

3 . 7  CATALYTIC REACTOR AND RECYCLE LOOP 

The contemplated C02-H20 e l e c t r o l y s i s  system containing two 
sepa ra t e  banks of  e l e c t r o l y z e r s  ( f o r  recovering oxygen from 
carbon dioxide and metabol ic  w a t e r ) ,  pumps, recyc le  loops,  
H20-H2 s epa ra to r ,  and a catalyt ic  r e a c t o r  i s  shown schema- 
t i c a l l y  i n  Fig. 3-7. The sepa ra to r  and i t s  r ecyc le  loop may 
not  be r equ i r ed ,  s i n c e  i t  has been shown (Ref. 8 )  t h a t  water 
vapor can be e l e c t r o l y z e d  much more r e a d i l y  than carbon diox- 
i d e  ( a t  higher  c u r r e n t  d e n s i t i e s  w i t h  neg l ig ib l e  p o l a r i z a t i o n  
l o s s e s  a t  t h e  cathode).  It  should be poss ib l e  t o  ob ta in  a 
s u f f i c i e n t  degree of conversion pe r  pass  through the  water 
e l e c t r o l y z e r  bank so  t h a t  t h e  w e t  hydrogen could be dumped 
o r  otherwise u t i l i z e d  without  a need f o r  a recyc le  loop, sepa- 
r a t o r  o r  high-temperature water  vapor pump. I n  c o n t r a s t ,  
t h e  C 0 2  r ecyc le  loop and c a t a l y t i c  r e a c t o r  are necessary t o  
ca r ry ing  out  t he  chemical r e a c t i o n s  r equ i r ed  f o r  complete 
oxygen recovery. These r eac t ions  are 

E lec t ro lyze r :  C02 # CO k 0 2  (3-1) 

Reactor:  co $ k g  + kc02  (3-2) 

The H2 and H20 shown i n  parantheses i n  Fig. 3-7 r ep resen t  
s m a l l  concent ra t ions  of these  spec ie s  c a r r i e d  around the  re- 
cyc le  loop t o  ca t a lyze  the  cathode r e a c t i o n  i n  the  e l e c t r o -  
l y z e r  and r e a c t i o n  3-2 i n  the  r e a c t o r .  

React ion 3-2 ( t h e  Boudouard equi l ibr ium)  has been ex tens ive ly  
s t u d i e d  by many i n v e s t i g a t o r s  as t o  e f f e c t s  of var ious  cata- 
l y s t s ,  temperatures ,  and gaseous impur i t i e s  i n  the CO. I ron ,  
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c o b a l t ,  and n i cke l  have been found t o  be the  b e s t  catalysts. 
Reaction rates, p r o p e r t i e s  of t he  carbon t h a t  i s  formed, and 
the  e f f e c t  of H2 and H 2 0  i n  i nc reas ing  both the  r e a c t i o n  rate 
and t h e  ultimate amount of carbon formed wi th  a given mass 
o f  i r o n  c a t a l y s t  are given i n  Refs. 5,  6 ,  and 7. 

During the  f i r s t  two years  of t h i s  c o n t r a c t ,  can is te r - type  
r e a c t o r s  u s ing  low carbon s teel  as the  c a t a l y s t  w e r e  operated 
w i t h  CO from cy l inde r s  and a l s o  w i t h  the  ex i t  CO-CO2 streams 
from C 0 2  e l e c t r o l y z e r s  opera t ing  a t  t o t a l  c u r r e n t s  i n  the  
range 1 2  t o  1 2 7  amperes. Typical  percent  conversion f o r  
CO-H2 are shown i n  Fig. 3-8 (see  Sect ion 4 of Ref. 1). 
p resen t  conversion exceeded 80% a f t e r  a 50 hour induct ion  
period. 
as follows: 

The 

Percent  conversion of CO t o  C and C02  i s  ca l cu la t ed  

(jco i n t o  r e a c t o r )  - ( jco from r e a c t o r )  
(jco i n t o  r e a c t o r )  

% conversion = x 100 

(3-3) 
where j i s  t h e  f l o w  rate i n  ml/min. 

I n  t he  test  runs of r e a c t o r  ope ra t ion  us ing  CO-CO2 from ope- 
r a t i n g  e l e c t r o l y z e r s ,  the  r e a c t o r  e f f l u e n t  w a s  vented and 
not  recycled.  The flow system w a s  shown i n  Ref. 2 ,  p. 82. 
The degree of conversion of CO t o  C 0 2  and carbon i n  the  re- 
a c t o r  w a s  determined p e r i o d i c a l l y  dur ing  each run by gas 
chromatographic a n a l y s i s  of t he  CO-GO2 stream leaving the  
e l e c t r o l y z e r  w i th  only a 53% CO content ,  the CO removed dur-  
i n g  passage through t h e  r e a c t o r  w a s  found t o  be 32% as cal- 
c u l a t e d  from Eq. 3-3. This e x t e n t  of CO d i sp ropor t iona t ion  
i s  w i t h i n  the  range of a c c e p t a b i l i t y  f o r  recyc le  loop opera- 

. t i o n  a t  a reasonable  r ecyc le  r a t i o ;  however, percent  conver- 
s i o n  would be s i g n i f i c a n t l y  increased  by ope ra t ing  the  elec- 
t r o l y z e r  a t  h igher  CO/CO, ou tput  r a t i o s .  

E lec t ro lyze r  ope ra t ion  a t  e f f l u e n t  CO concent ra t ions  as high 
as 92% has ,  i n  f a c t j  been achieved. Unit  2-23 (one drum) has 
run  f o r  45 days a t  output  CO concent ra t ions  g r e a t e r  than 60% 
inc lud ing  one day of ope ra t ion  a t  9 2 %  CO. (Var ia t ions  i n  CO 
concent ra t ion  w e r e  t h e  resul t  of  experimental  changes i n  the 
C 0 2  i n p u t  rates.) 
CO output.  
w i th  output  CO about 60%, i nc lud ing  one day a t  82%. Unit  
2-24 ( e i g h t  drums) has run f o r  46 days i n  the  range 58 t o  
62% CO and cont inues i n  ope ra t ion  a t  -60% CO output  concen- 
t r a t i o n .  Operating d a t a  f o r  these  e l e c t r o l y z e r s  i s  given i n  
g r e a t e r  d e t a i l  i n  Sec t ion  5. 

This u n i t  cont inues i n  ope ra t ion  a t  -80% 
Unit  2-21 (one drum) w a s  operated f o r  t e n  days 
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I n  sm7 ch as an ilequate degree f onversion can be obtained 
w i t h  l o w  carbon steel  c a t a l y s t ,  no f u r t h e r  work w a s  under- 
taken t o  f i n d  a better c a t a l y s t .  
made, however, t o  a i d  i n  s e l e c t i n g  materials fo r  a canister- 
type r e a c t o r  designed f o r  easy removal of t he  l i g h t  weight 
c a n i s t e r  f i l l e d  wi th  carbon. This r e a c t o r  design r equ i r e s  
h igh  c a t a l y t i c  a c t i v i t y  w i t h i n  t h e  removable c a r t r i d g e  but  
l i t t l e  o r  no a c t i v i t y  a t  the  f i t t i n g s ,  c a r t r i d g e  e x t e r i o r ,  
o r  c a r t r i d g e  housing. Results of t hese  tes ts ,  shown i n  Table 
3-2, i n d i c a t e  t h a t  several a l l o y s  are a v a i l a b l e  f o r  

Some catalytic tests were 

p a r t s .  

Table 3-2 

MATERIALS - CARBON FORMATION AT 550OC 

I N  CO STREAM FOR 96-HR. EXPOSURE 

I METAL WT GAIN (%> 

lfiuminum 6061 0.045 

Inconel  600 0.0 

S t a i n l e s s  steel  17-7PH 0.0 

Copper - 1% lead  0.0 

Low carbon s teel  3.9 

these  
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Sect ion  4 

ELECTRODES AND GRIDS 

4.1 GENERAL 

The components of  t he  e lectr ical  circuit  of each e l e c t r o l y z e r  
descr ibed  i n  t h i s  r e p o r t  and previous r e p o r t s  of t h i s  con- 
t ract  have been termed "electrical  lead  w i r e s  ," "g r ids  ,I1 and 
"electrodes."  The electrical  l ead  w i r e s  connect t he  power 
supply t o  t h e  end cells of a multi-cell  u n i t  and provide a 
c u r r e n t  pa th  between cells. The l ead  w i r e s  connect t o  a 
c u r r e n t  d i s t r i b u t i o n  element on each e l e c t r o l y t e  d i s k  con- 
s i s t i n g  of a p a t t e r n  of  w i r e s ,  t he  g r i d ,  t h e  p r i n c i p a l  pur- 
pose of  which i s  t o  d i s t r i b u t e  the  c u r r e n t  uniformly over 
t h e  c e l l  area without  excessive vo l t age  drop. The e l ec t rode  
i s  the  porous e l e c t r o n i c a l l y  conducting f i l m  p re sen t  as a 
l a y e r  on the  su r face  of the  e l e c t r o l y t e .  It provides si tes 
f o r  t h e  e l e c t r o d e  r e a c t i o n ;  e l e c t r o n i c  conduct iv i ty  a t  t h e  
three-phase i n t e r f a c e  of gas,  e l e c t r o d e ,  and e l e c t r o l y t e  ; 
s u f f i c i e n t  c a t a l y t i c  a c t i v i t y  t o  minimize a c t i v a t i o n  over- 
vo l t age ;  and gas permeabi l i ty  t o  minimize concentrat ion over- 
vo l tage .  
mally s t a b l e  dur ing  ce l l  ope ra t ion  which imposes requirements 
of  matching the  c o e f f i c i e n t  of thermal expansion of the  e l e c -  
t r o l y t e  t o  a reasonable  e x t e n t ,  low vapor pressure ,  low sur- 
face mob i l i t y ,  and chemical s t a b i l i t y  i n  the  gas atmosphere 
o f  t he  cel l .  

The e l e c t r o d e  m u s t  a l s o  be mechanically and t h e r -  

4.2 PREVIOUS DESIGN - PROBLEM AREAS 
The g r i d  s t y l e  used i n  a l l  drums through F-191, and inco r -  
pora ted  i n  e l e c t r o l y z e r  modules through 2-12 (designated as 
s t y l e  K-lA), cons i s t ed  of a circle of f i n e  platinum mesh wi th  
a circle of  0.5 mm (0.020 inch)  diameter platinum w i r e  a t  
t h e  per iphery.  
w a s  welded t o  one po in t  on t h e  0.5 mm (0,020 inch) w i r e  to 
c a r r y  t h e  c u r r e n t  t o  t h e  gr id .  The c u r r e n t  leads  of t he  
g r i d s  on t h e  two sides of a s i n g l e  e l e c t r o l y t e  d i s k  w e r e  
180° a p a r t  t o  minimize concent ra t lon  of t he  c u r r e n t  a t  any 
one p l ace  on the  cell.  
i n  Fig. 4-1. The mesh i s  expanded platinum f o i l  of 0.1 mm 
(0.004 inch)  o r i g i n a l  th ickness  having diamond shaped open- 
ings  (300 p e r  square inch)  0.125 inch  by 0.060 inch. 

A piece  of 1.0 mm (0.040 inch)  platinum w i r e  

This type of g r i d  is  shown ( s c a l e X 2 )  
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Fig. 4-1 Disk with Grid Style K-1A 
(Twice Actual Size, Dimensions in Inches) 
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The e l e c t r o d e  structure a s soc ia t ed  wi th  the  K-1A g r i d  con- 
s is ts  of platinum pas t e  f i red  on a t  a nominal 125OOC. 

This e l ec t rode -g r id  design has been found m a r  i n a l  f o r  ope- 
r a t i o n  a t  an  e l e c t r o d e  area as l a r g e  as 20 cm and a current 
d e n s i t y  as high as 200 mA/cm2, a l though i t  w a s  adequate f o r  
5 cm2 and 100 mA/cm2 (Ref. 2). 
t rode  and g r i d  adhesion on t h e  CO-C02 s i d e  and degradat ion of 
t h e  e l e c t r o l y t e  w i t h  eventua l  i nc reas ing  po ros i ty  and cracking 
t h a t  w e r e  observed dur ing  t h e  ope ra t ion  of 8 t o  42 A e l e c t r o -  
l y z e r s  a t  c u r r e n t  d e n s i t i e s  i n  the  range 175 t o  200 mA/cm2 
l e d  t o  a number of v a r i a t i o n s  i n  des ign  of t he  e l ec t rode  
structure,  materials, and method of a p p l i c a t i o n  t o  the  elec- 
t r o l y t e  disk. Add i t iona l ly ,  much g r e a t e r  a t t e n t i o n  w a s  given 
t o  each s t e p  involved i n  making t h e  e l ec t rode  structures i n  
order  t o  improve the  uniformity of cel ls  of a p a r t i c u l a r  de- 
s ign .  Control  of uniformity had not  been very good p rev i -  
ously as shown by the  g r e a t  d i f f e r e n c e s  i n  behavior of the 
cel ls  i n  several of t he  e l e c t r o l y z e r  modules descr ibed i n  
Sec t ion  5 ( f o r  i n s t a n c e ,  u n i t s  Z-10 ,  Z - 1 1 ,  2-12, 2 - 1 3 ,  and 
2-14). 
toms of e l e c t r o d e - e l e c t r o l y t e  degradat ion a t  175  t o  200 
mA/cm2 dur ing  prolonged C02 e l e c t r o l y s i s  . Problems wi th  
uneven c u r r e n t  d i s t r i b u t i o n  are be l ieved  t o  be the  cause of 
much of  t he  performance and l i f e t i m e  degradation. Modifica- 
t i o n s  of  t he  K-1A g r i d  design w e r e  made i n  which the platinum 
mesh w a s  r e t a i n e d  but  a d d i t i o n a l  w i r e s  were added t o  reduce 
t h e  I R  drop ac ross  the grid., 

The problems of poor e l e c -  

On t h e  o t h e r  hand, many cells d i d  not e x h i b i t  symp- 

4.3 OPEN CELL ELECTROLYSIS TESTS 

Concurrent w i th  r igo rous ,  bu t  slower, eva lua t ions  of e l ec t rode -  
g r i d  structure t h a t  are provided w i t h  t h e  normal opera t ion  of 
sealed-drum e l e c t r o l y z e r s ,  a series of open ce l l  tests w a s  
undertaken t o  screen  the  u t i l i t y  of advanced and "exot ic"  de- 
s igns .  I n  these  tests,  regular e l e c t r o l y t e  d i s k s  are pro- 
vided w i t h  e l ec t rode -g r ids  and e l e c t r o l y s i s  i s  c a r r i e d  ou t  
i n  oxygen and carbon dioxide atmospheres wi th  unsealed c e l l s  
open t o  t h e  same gas atmosphere on both s ides .  

A ce l l  i n  which both  g r i d s  were type K-1B of Fig. 4-2 and 
another  cel l  w i t h  g r i d s  of type K - 1 6  were run  simultaneously 
i n  oxygen. 
t h e  per iphery  of t he  P t  mesh and t h e  o t h e r  wireswere9.65% Au, 
3.5% Pd wires of 0.75 mm (0.030 inch)  diameter.  Cur ren t  w a s  
passed a t  1, 2 ,  3 ,  and 4 A per  ce l l  i n  each d i r e c t i o n  a t  t e m -  

These g r i d s  had 0.5 mm (0.020 inch)  P t  w i r e  a t  
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K-1B K- 1C 

Fig. 4-2 Modifications of Grid Style K-1A 
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pera tu res  . i n  the  range 850 t o  89OOC over a t o t a l  per iod of 45 
days (1080 hr) .  
t he  i n i t i a l  and f i n a l  vo l tageswere  0.992 and 2.20 V f o r  g r i d  
K-1B and 0.942 and 2.05 V f o r  g r i d  K-1C. Examination of the 
d i sks  a f t e r  terminat ion of the  e l e c t r o l y s i s  run  d isc losed  poor 
adhesion of one g r i d  of each type and d i sco lo ra t ion  of the 
e l e c t r o l y t e  i n  the  region of t he  gold a l l o y  w i r e s .  These ob- 
se rva t ions ,  combined wi th  the  high vol tages  t h a t  w e r e  re- 
qui red  f o r  e l e c t r o l y s i s  of oxygen, suggest  t h a t  the  cur ren t  
w a s  d i s t r i b u t e d  poorly and w a s  concentrated near  the  gold 
a l l o y  w i r e s  . 

A t  a cur ren t  of 4 A p e r  ce l l  (200 mA/crn2), 

A series of seven e l e c t r o l y t e  d i sks  w a s  prepared i n  which the 
two g r i d s  of each d i s k  w e r e  the  same. The s t y l e s  w e r e  K-lE, 
K-lF, and K-1G of Fig. 4-2, and K-lH, which i s  descr ibed be- 
low f o r  d i s k  G-85A. One d i s k  had K-1G g r i d s  and two d isks  of 
each of the  o t h e r  g r i d  types were prepared. I n  add i t ion  t o  
v a r i a t i o n s  i n  g r i d  design,  t he re  were changes i n  the  method 
of e l ec t rode  prepara t ion  and i n  t he  way t h a t  the g r i d s  were 
a t tached  t o  the  e lec t rodes .  These c e l l s  are summarized as 
follows : 

G-107A -- 

G-120D 

G-97B 

G-85A 

G-84E 

G-12OTE 

G-122A 

_c_ 

-- 

Sty le  K-lE, a l l  platinum w i r e s ,  platinum paste 
e lec t rode  s 

S t y l e  K-lG, d i s k  w a s  e l e c t r o p l a t e d  wi th  p la t inum 
i n  the  shape of a cross  i n s i d e  a c i r c l e ,  g r i d  of 
t he  same type as K-1C w a s  then gold brazed t o  the  
p l a t e d  area and platinum pas t e  w a s  appl ied a f t e r  
t he  brazing opera t ion  

S t y l e  K-lF, six ind iv idua l  g r i d s  of p la t inum mesh 
each containing a cross  of gold a l l o y  w i r e  

S t y l e  K-lH, f i r s t  e l ec t rode  l aye r  i s  e l e c t r o p l a t e d  
platinum, then two l aye r s  of platinum pas t e ;  the  
g r i d  is  the  same as f o r  K-1A 

Same as G-85A 

Same as G-107A 

Same as G-97B 

The seven cells. open t o  the  same 
t r o d e s ,  were wired i n  series wi th  

gas atmosphere 
provis ion  a l s o  

on both e l e c -  
f o r  ind iv idua l  
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opera t ion  and placed i n t o  e l e c t r o l y s i s  opera t ion  i n  oxygen. 
A f t e r  twelve days (288 h r )  of oxygen e l e c t r o l y s i s  a t  cu r ren t s  
up t o  10 A per  c e l l  (500 mA/cm2), the  cu r ren t  w a s  changed i n  
2 A increments t o  determine the  cur ren t -vol tage  charac te r -  
i s t i c  of each c e l l .  These d a t a  are shown i n  Table 4-1. 

Table 4-1 

RUN J-11 CURRENT-VOLTAGE RELATIONSHIP 
FOR OXYGEN ELECTROLYSIS AT 87OoC 

I C E L L  V O L T A G E  ( V )  
I (A) tG-lO7A G-120D G-97B G-85A G-84E G-120TE G-122A 

2.0 0.850 0.708 0.401 0.414 0.453 0,490 0.759 
4.0 1.490 1.888 0.688 0.723 0.798 0.848 1.290 

6.0 1.85 1.475 0.885 0.946 1.073 1.111. 1.64 

8.0 2.05 1.64 1.012 1.097 1.279 1.291 1.86 

10.0 2 . 1 8  1.74 1.091 1.225 1.63 1.401 1 .99  

The oxygen w a s  rep laced  by C02 and the  ce l l s  w e r e  run  f o r  t h ree  
days a t  4 A (200 mA/cm2) and then f o r  one day a t  8 A (400mA/cm2). 
Examination a f t e r  the  e l e c t r o l y s i s  run  d i sc losed  t h a t  most of 
t h e  d i s k s  w e r e  blackened and cracked and t h e  g r i d s  on the  
cathode s i d e  w e r e  only loose ly  adherent.  Areas near the  highly 
conducting gold a l l o y  w i r e s  were p a r t i c u l a r l y  a f f e c t e d  by these  
problems. Disks G-85A and G-84E i n  which the  f i r s t  e l ec t rode  
l a y e r  w a s  e l e c t r o p l a t e d  w e r e  b e t t e r  than most of the  o the r s .  
I t  w a s  concluded from t h i s  experiment t h a t  an  e l e c t r o p l a t e d  
i n i t i a l  platinum l aye r  w a s  s u p e r i o r  t o  platinum pas t e  and t h a t  
t he  g r i d  des igns  incorpora t ing  the  gold a l l o y  w i r e s  d i s t r i b u t e d  
t h e  c u r r e n t  non-uniformly. 

Another e l e c t r o l y s i s  experiment, u s ing  seven unsealed c e l l s  
i n  both oxygen and carbon d ioxide ,  w a s  conducted t o  tes t  
e l e c t r o d e - g r i d  s t y l e s  u s ing  gold as t h e  e l e c t r o d e  p a s t e ,  as 
t h e  g r i d ,  and i n  var ious  combinations t h e r e o f ,  i n  an e f f o r t  
t o  improve uniformity of current d i s t r i b u t i o n  and reduce the 
I R  drop by inc reas ing  the  e lectr ical  conduct iv i ty  of the  
porous m e t a l  l a y e r  above t h a t  of platinum. This ob jec t ive  
w a s  not  a t t a i n e d .  Conversely, e l ec t rode -g r id  combinations 
employing gold pas t e  exh ib i t ed  ce l l  p o t e n t i a l s  g r e a t e r  than 
a v o l t  f o r  oxygen t r a n s f e r  even a t  l o w  cu r ren t  d e n s i t i e s  
( 4 0 0  mA/cm2). The dramatic c o n t r a s t  between the  behavior 

40 



of platinum and gold e l e c t r o d e  l a y e r s  can be a sc r ibed  t o  
severe p o l a r i z a t i o n  effects a t  the  gold e lec t rode .  Grids 
t h a t  w e r e  f i r s t  furnace brazed t o  a base l a y e r  of platinum 
p l a t e  on t h e  d i s k  and then gold pas ted  w e r e  more adherent 
than t h e  o t h e r s  a l though the  ce l l  vo l t age  w a s  h igh,  presum- 
a b l y  because of t he  presence of gold over t he  e n t i r e  elec- 
t rode  surface. The conclusion t h a t  w a s  drawn from t h i s  ex- 
periment i s  t h a t  gold i s  not s u i t a b l e  as an e l e c t r o d e ,  even 
f o r  e l e c t r o l y t i c  oxygen t r a n s f e r .  

4.4 SEALED DRUM ELECTROLYSIS TESTS 

Elec t rode-gr id  s t y l e s  K-1C and K-1D were employed f o r  elec- 
t r o l y z e r  modules 2-13, 2-14, and 2-17 (opera t ing  d a t a  f o r  
t hese  u n i t s  are given i n  Sec t ion  5).  
(see Fig. 4-2 )  incorporated the  platinum mesh g r i d  and p l a t i -  
num p a s t e  e l e c t r o d e s  of t he  o r i g i n a l  s t y l e  K-1Awith the  ad- 
d i t i o n  of a n  overlay of 0.5 mm (0.020 inch)  Au/3.5 Pd w i r e s  
s p o t  welded t o  the  platinum g r id .  Examination of drums from 
these  modules, after being e l e c t r o l y z e d  t o  f a i l u r e ,  have 
revea led  several common c h a r a c t e r i s t i c s .  Platinum pas t e  
from t h e  e l e c t r o d e  has disappeared from the  immediate v i c i n -  
i t y  of t he  gold a l l o y  w i r e s ,  presumably through a r e a c t i o n  
which takes  p lace  t o  depos i t  a dark  l a y e r  underneath these  
w i r e s .  The e l ec t rode -g r id  system i s  otherwise unaf fec ted  on 
t h e  oxygen s i d e s  of t h e  e l e c t r o l y t e  d i sks .  
platinum pas t e  i s  f i rmly  a t t ached  t o  t h e  d i s k  surface, and 
t h e  g r i d  i s  adherent.  
degrada t ion  i s  more severe. I n  a d d i t i o n  t o  the  disappearance 
of  e l e c t r o d e  pas t e  ad jacen t  t o  t h e  gold w i r e s ,  the  g r i d s  have 
become dis lodged from t h e  e l e c t r o l y t e  surface along wi th  any 
r e s i d u a l  platinum pas t e .  The disks e x h i b i t  dark patches of 
vary ing  s i z e  on t h e  reducing s i d e  and may conta in  areas where 
the  e l e c t r o l y t e  ceramic has become porous and crumbly. When 
t h e  da rk  o r  crumbly patches pene t r a t e  through t o  the  o t h e r  
s i d e  (oxygen side) of t he  d i s k ,  f a i l u r e  occurs.  F a i l u r e  may 
take  p lace  through seepage of i n t e r n a l  drum gas through a 
porous area, o r  t he  e l e c t r o l y t e  d i s k  may crack through the  
a f f e c t e d  zone. Cracks i n  t h e  e l e c t r o l y t e  can propagate 
through the  edge seal and cause f r a c t u r e  of t h e  drum body. 
The drum body u s u a l l y  fractures along a weak zone, such as 
t h e  gas p o r t  t u b u l a t i o n  ho le s  o r  t h e  l ead  w i r e  ho le s ,  which 
themselves may have been weakened due t o  e l e c t r o l y t i c  a c t i o n  
(as  evidenced by darkening of t he  drum body ceramic i n  the  
v i c i n i t y  of t he  lead w i r e  ho le s ) .  
fa i led,  taken from the  same e l e c t r o l y z e r  modules, e x h i b i t  

Both of these  s t y l e s  

The bulk of t he  

On t h e  reducing s i d e  of  the  d i s k ,  

Drums which have not 
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a l l  t h e  c h a r a c t e r i s t i c s  descr ibed above, except t h a t  the  dark 
o r  crumbly zones have not pene t ra ted  a l l  the  way through the  
e l e c t r o l y t e  d i sks .  

Since the  e l ec t rode -g r id  combination used on the  th ree  elec- 
t r o l y z e r s  (2-13, 2-14, and 2-17) w e r e  s u b s t a n t i a l l y  the  same, 
the  g r e a t  increase i n  opera t ing  l i f e t i m e  (-350 h r  f o r  2-13 
and 2-14 t o  more than 2000 h r  f o r  2-17) must be a sc r ibed  t o  
o t h e r  f a c t o r s ,  such as the  reduct ion  i n  cu r ren t  dens i ty  ( a  - 
f o r  2-17). 
proximately 200 mA/cm2 f o r  2-13 and 2-14 down t o  100 mA/cm ? 

The e l ec t rode -g r id  s t y l e  of the  one drum e l e c t r o l y z e r  2-19 
w a s  K-1E (shown i n  Fig. 4-2). This drum w a s  cons t ruc ted  t o  
determine the  r e l a b i l i t y  and ope ra t ing  c h a r a c t e r i s t i c s  of a 
g r i d  design intended t o  improve c u r r e n t  d i s t r i b u t i o n  over t he  
c e l l  faces .  
p e r i p h e r a l  platinum w i r e  r i m  w a s  f i r e d  t o  the  e l e c t r o l y t e  
f aces  wi th  platinum p a s t e ,  as i n  previous e l ec t rodes .  Cur- 
r e n t  dens i ty  concent ra t ion  w a s  changed by tapping the p e r i -  
p h e r a l  r i m  a t  f o u r  p o i n t s  w i t h  0.5 mm platinum lead  w i r e s  
which w e r e  looped away from the  e l e c t r o d e  t o  a welded connec- 
t i o n  wi th  a 1 mm gold a l l o y  w i r e  main lead. A f t e r  over 1000 
hours of e l e c t r o l y s i s  a t  100 m A l c m 2 ,  where t h e  ce l l  p o t e n t i a l s  
remained a t  s teady ,  low values ( i n  the  range 1.4 t o  1.5 v o l t s )  
t h e  tes t  w a s  terminated due t o  an i n t e r n a l  l ead  w i r e  s h o r t .  
Examination of t he  cells  revea led  no d e t e r i o r a t i o n  of any 
kind. The i n n e r  g r id -e l ec t rodes  were s t i l l  f i rmly  a t tached .  
Comparison of ce l l  p o t e n t i a l s  w i t h  those of 2-17 a f t e r  1000 
hours showed t h a t  those of 2-19 w e r e  s i g n i f i c a n t l y  lower. 
Tenta t ive  conclusions t h a t  can be drawn from the  opera t ion  of 
t h i s  one-drum u n i t  are t h a t  platinum c u r r e n t  d i s t r i b u t i o n  
w i r e s  are supe r io r  t o  gold a l l o y ,  and t h a t  t he  value of each 
c e l l  p o t e n t i a l  i s  one of t he  most important guides i n  the  
s e l e c t i o n  of e l ec t rode -g r id  designs,  

Expanded platinum mesh w i t h  0.5 mm (0.020 inch)  

The cells of e l e c t r o l y z e r  u n i t  2-20 which had s p e c i a l  drum 
bodies (descr ibed i n  sub-sec t ion  5.5) ,  were both f i t t e d  wi th  
a l l  platinum g r i d s  i n  which the  c u r r e n t  pa th  from the elec- 
t r ica l  l ead  i s  t o  t h e  cen te r  of t h e  e l e c t r o d e  on one s i d e  of 
t he  ce l l ,  and from the  per imeter  of the  e l ec t rode  on the  o t h e r  
s i d e ,  as shown i n  Fig. 4-3. I n  s t y l e  K-9 t he  g r i d  w a s  furnace 
brazed wi th  s m a l l  p ieces  of gold f o i l  t o  seven s m a l l  spo t s  of 
platinum p l a t i n g  on the  su r face  of t he  d isk .  The e l ec t rode  
cons i s t ed  of l a y e r s  of gold and platinum pas te .  I n  s t y l e  
K - 1 2  the  e n t i r e  e l e c t r o d e  su r face  of t he  d i s k  w a s  p l a t e d  
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K-19 

K-9 
and 
K-12 

Fig. 4 - 3  Grid S t y l e s  K-9, K-12, and K-19 
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wi th  platinum, t h e  g r i d s  w e r e  brazed on, and then platinum 
p a s t e  (no gold pas t e )  added. The conclusion wi th  r e spec t  t o  
the  u n s u i t a b i l i t y  of us ing  gold i n  the  e l e c t r o d e  (determined 
concurren t ly  i n  the  open ce l l  tests descr ibed above i n  sub- 
s e c t i o n  4.3) w a s  confirmed when the  drum wi th  the  K-9 elec- 
t rodes  f a i l e d  a f t e r  about 1000 hours of e l e c t r o l y s i s .  The 
use of hydrogen on the  CO2 s i d e  probably served t o  extend 
the  l i f e  of t h i s  drum over  what might have been expected i f  
only 3% w a t e r  vapor had been employed. All of the  degrada- 
t i o n  processes  (observed i n  2-13, 2-14, and 2-17) w e r e  i n  
evidence f o r  t h i s  drum. On the  o t h e r  hand, t he  drum wi th  t h e  
K - 1 2  e l e c t r o d e  s t y l e  showed very l i t t l e  evidence of degrada- 
t i o n .  The opera t ing  ce l l  p o t e n t i a l s  of t h i s  drum were i n t e r -  
mediate between those of Z-19 and 2-17 a t  1000 hours,  which 
i n d i c a t e s  t h a t  a long l i f e  could have been expected. 

The s i n g l e  drum u n i t ,  2-21, w a s  placed on e l e c t r o l y s i s  t es t  
t o  provide re ference  d a t a  f o r  the  l a r g e r  eight-drum u n i t ,  
2-24. Both e l e c t r o l y z e r s  used a new e l ec t rode -g r id  s t y l e ,  
t he  b a s i c  v e r s i o n  of which, K-14, i s  shown i n  Fig. 4-4. A 
high conduct iv i ty ,  heavy duty mesh of Au/5% Pd a l l y  made 
from expanded 0.025 c m  t h i c k  f o i l  i s  used t o  d i s t r i b u t e  the  
c u r r e n t  uniformly over the  surface of t he  e l ec t rode .  The 
e l e c t r o d e  su r face  c o n s i s t s  of a base l a y e r  of e l e c t r o p l a t e d  
platinum o v e r l a i d  wi th  platinum pas te .  
t he  g r i d  l ead  w i r e s  are welded t o  t h e  cen te r s  of the  gr ids .  
I n  t h e  K - 1 6  v e r s i o n ,  each g r i d  i s  furnace brazed i n  seven 
s p o t s  t o  t h e  base platinum p l a t e  of t he  e l e c t r o d e  before  
a p p l i c a t i o n  of t h e  platinum pas te .  
f o r  the  braze pa t te rn . )  
a u x i l i a r y  r e fe rence  e l e c t r o d e s  as descr ibed  i n  Sec t ion  5,  
below. 

I n  the  K-13 ve r s ion ,  

(See s t y l e s  K-9 and K-12 
Both e l e c t r o l y z e r s  incorpora te  

The one-drum u n i t ,  2-21, w a s  e l e c t r o l y z e d  t o  fa i lure  which 
occurred a f t e r  about 1400 hours a t  100 mA/cm2. Subsequent 
examination revealed a l l  t h e  s tandard  degradat ion processes- 
loss of platinum p a s t e ,  detachment of i n t e r n a l  g r i d s ,  and 
blackening and crumbling of e l e c t r o l y t e  lead ing  t o  the  f r a c -  
ture of t h e  d i sks .  The e a r l y  f a i l u r e  of u n i t  2-21 i s  not 
completely understood i n  view of the  s u b s t a n t i a l l y  longer 
l i f e  t h a t  has been obtained from the  eight-drum e l e c t r o l y z e r ,  
2-24, which i s  s t i l l  ope ra t ing  s a t i s f a c t o r i l y  a f t e r  more 
than 2000 hours. P a r t  of t he  d i f f e r e n c e  may be a sc r ibed  t o  
the  shock of an  unscheduled power f a i l u r e  experienced by 
2-21. 
sumption of e l e c t r o l y s i s .  

The ce l l  p o t e n t i a l s  w e r e  gene ra l ly  h igher  af ter  re- 
The c e l l  p o t e n t i a l s  of 2-24 a l s o  
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2.325 -4 

Fig. 4-4 C e l l  w i th  Grid S ty l e  K-14 
(Twice Actual S ize ,  Dimensions 

i n  Inches) 
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r o s e  fol lowing the  planned i n t e r r u p t i o n  i n  e l e c t r o l y s i s  f o r  
hydrogen tank changeover. Comparison of the  e f f ec t iveness  of  
t he  heavy gold a l l o y  g r i d  wi th  the  t h i n  platinum s t y l e s  pre-  
v ious ly  employed cannot be made u n t i l  t he  l i f e - h i s t o r y  of 
the  eight-drum u n i t ,  2-24, i s  complete. Some i n d i c a t i o n  of 
the  ope ra t ing  d i f f e rence  between the  K-16 modif icat ion ( g r i d  
gold brazed t o  platinum p l a t e  e l e c t r o d e )  and the  K-13 and 
K-14 ver s ions  (platinum pas ted  on, only)  is  given by the  
s m a l l  but uniformly higher  c e l l  p o t e n t i a l s  exh ib i t ed  by the 
K-16 gridded d i s k s  a f t e r  2000 hours of e l e c t r o l y s i s .  

The single-drum e l e c t r o l y z e r ,  2-23, w a s  provided wi th  the  a l l  
platinum g r i d  s t y l e ,  K - 1 9  (shown i n  Fig. 4-3). This s t y l e  i s  
a modi f ica t ion  of the  o r i g i n a l  K-1A s t y l e  (see Fig. 4-1)  
where the  0.5 mm diameter w i r e  c i rc le ,  d i s t r i b u t i n g  the  cur-  
r e n t  from the  lead  t o  the  mesh, has been removed from the  
per imeter  and placed i n s i d e  the  e l e c t r o d e  area t o  include 
equal areas of e l ec t rode  su r face  both i n s i d e  and ou t s ide  the  
d i s t r i b u t i o n  c i r c l e .  (The s p e c i a l  w i r ing  and ope ra t iona l  
f e a t u r e s  of t h i s  e l e c t r o l y z e r  are descr ibed i n  Sect ion 5.) 
Since  t h i s  u n i t  i s  being c o n t r o l l e d  a t  cons tan t  vo l t age ,  no 
d i r e c t  comparison can be made t o  o t h e r  e l ec t rode -g r id  s t y l e s  
i n  terms of ce l l  p o t e n t i a l s  f o r  a given t i m e  and cu r ren t  den- 
s i t y .  I n  a d d i t i o n ,  t h i s  u n i t  has been subjec ted  t o  more severe 
ope ra t ing  condi t ions  than previous e l e c t r o l y z e r s  i n  t e r m s  of 
high C02 t o  CO conversion r a t i o  and i n i t i a l  h igher  cu r ren t  
dens i ty .  The actual ce l l  d r i v i n g  p o t e n t i a l  f o r  2-23, a t  the  
drum l eads ,  i s  of t he  o rde r  of 1 . 7  v o l t s .  Some d e t e r i o r a t i o n  
of e l e c t r o d e  q u a l i t y  has occurred as evidenced by the  dec l ine  
i n  cu r ren t  d e n s i t y  ( t o  as low as 80 mA/cm2 f o r  one of t h e  
cel ls)  a f t e r  1100 hours of operat ion.  The l i f e - t ime  t o  
f a i l u r e  of t h i s  u n i t ,  which can only be determined by con- 
t inued  e l e c t r o l y s i s ,  should serve as a u s e f u l  measure of the  
c o n t r i b u t i o n  of high ce l l  vo l tage  t o  e l e c t r o d e  degradat ion,  
i n  general .  
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Sect ion  5 

OPERATION OF TEST ELECTROLYZERS 

5 1 ONE-MAN (127-A) ELECTROLYZER 

U n i t s  2-10, 2-11, and 2-12 comprising t h e  one-man e l e c t r o -  
l y z e r  w e r e  descr ibed  i n  d e t a i l  i n  the  Second Annual Report 
(Ref. 2 )  inc luding  t h e i r  250-hour ope ra t iona l  tes t .  These 
u n i t s  were continued i n  opera t ion  beyond 250 hours u n t i l  
s e r i o u s  anomalies requi red  ending t h e i r  operat ion.  

U n i t  Z-10 had begun t o  show a n  inc reas ing  t r end  of CO2 leak-  
age i n t o  the  oxygen envelope a t  209 hours. During the  occur- 
rence of t h i s  f i r s t  i nc rease  of leakage from 2.2  t o  5.6%, 
t h e  total  app l i ed  vol tage  t o  the  u n i t  remained e s s e n t i a l l y  
cons tan t  (24.7 t o  24.8 v o l t s ) .  A t  258 hours ,  u n i t s  2-10 and 
Z - 1 1  were e l e c t r i c a l l y  turned o f f  t o  r e f i l l  t he  humidif iers .  
When c u r r e n t  t o  u n i t  2-10 w a s  turned back up t o  3.5 A (175 
mA/cm2), t he  app l i ed  vol tage  had r i s e n  t o  25.7 v o l t s  from 
24.7 v o l t s .  All of t h i s  rise i n  vol tage  w a s  concentrated i n  
the  bottom ce l l  of drum F-182, which c o r r e l a t e s  w i th  the  re- 
sults found on later examination of t he  u n i t .  A t  264 hours,  
t h e  leakage ab rup t ly  changed from 5.9 t o  49.7% and the  u n i t  
w a s  turned o f f .  

Unit  2-11 had a slowly inc reas ing  t r end  of C02 leakage 
throughout i t s  l i f e  s t a r t i n g  a t  5% and reaching a level of 
13.5% a t  250 hours. The i n i t i a l  higher  rate w a s  t r aceab le  
t o  t h e  h igher  p o r o s i t y  of t h e  r e l a t i v e l y  t h i n  0.045 inch  
(0.114 cm) e l e c t r o l y t e  d i s k s  used i n  t h i s  u n i t .  The i n -  
c r eas ing  l eak  rate i n  t h i s  case may have been due pr imar i ly  
t o  t h e  opening up  of pores wi th  t i m e .  I n i t i a l l y  a sharp  
r i se  i n  vo l t age  from 19.8 t o  22 .1  v o l t s  occurred between 2 1  
and 23 hours of opera t ion .  A gradual  rise of appl ied  v o l t -  
age dur ing  the  next  120 hours w a s  noted. This rise w a s  re-  
versed  by maintaining t h e  C02 gas flow cons tan t  and lowering 
the  c u r r e n t  d e n s i t y  from 175 t o  50 mAlcm2. Af t e r  s ix  hours 
ope ra t ion  a t  50 mA/cm2,  t he  c u r r e n t  w a s  r a i s e d  back t o  175 
mA/cm2. The app l i ed  vol tage  dropped down over  a per iod of 
a day and remained cons tan t  a t  22 t o  23 v o l t s  f o r  the next 
400 hours. Shor t ly  before  the  f i n a l  shutdown, a gradual r ise  
of  vo l t age  i n  t h e  two cells of drum F-191 and t h e  top ce l l  of 
drum F-190 w a s  noted. The o t h e r  cel ls  remained approximately 
cons tan t  over t h i s  per iod.  
same ve ry  gradual  rate u n t i l  560 hours ,  when a d r a s t i c  i n -  
crease t o  31% i n d i c a t e d  a f a i l u r e  and the  test  w a s  stopped. 

The CO2 leakage increased a t  the  
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Unit 2-12 leaked almost neg l ig ib ly  f o r  i t s  f i r s t  100 hours,  
averaging 0.5%. Large ind iv idua l  c e l l  vo l tage  f l u c t u a t i o n s  
were noted during t h a t  period. C e l l  vo l tages  va r i ed  from 
1.66 t o  2.63 v o l t s ,  w i t h  only t h r e e  cel ls  having vol tages  
below 2 v o l t s .  
over 35%, which continued u n t i l  t he  shutdown a t  257 hours 
when the  leakage rate had reach 40.5%. 

A t  110 hours,  t he  rate ab rup t ly  changed t o  

The u n i t s  w e r e  then dismantled f o r  examination. D r u m s  F-182 
and F-184 i n  u n i t  2-10 had long i tud ina l  cracks through the 
drum body, apparent ly  o r i g i n a t i n g  a t  t h e  stress concentrat ing 
po in t  where the  w i r e  passes  through the  drum w a l l .  I n  addi-  
t i o n ,  t he  f r a c t u r e  appeared t o  have propagated from the  drum 
body, r a d i a l l y  across  one e l e c t r o l y t e  d i s k  i n  each case. 
There was l o c a l  d i s c o l o r a t i o n  on the  oxygen s i d e  of t he  cracks,  
suggest ing a CO flame from the  leaking  gas. Microscopic exam- 
i n a t i o n  of t he  f r a c t u r e  su r faces  ind ica t ed  a probable o r i g i n  
of f r a c t u r e  a long the  w i r e  ho le ,  a t  a poin t  where enlarged,  
darkened g ra ins  i n  t h e  z i r c o n i a  body appear. Causes can only 
be specula ted  on, but may include i n i t i a l  i r re  u l a r i t y  i n  

t h e  e l e c t r i c a l  l ead  w i r e s ,  o r  e l e c t r o l y s i s  of t he  body m a t e -  
r i a l  because of t he  vo l t age  d i f f e r e n c e  between the  two lead  
w i r e s .  These two f a i l e d  drums were separa ted  by an i n t a c t  
drum, hence the  f a i l u r e s  may have been independent. 

c r y s t a l  s t r u c t u r e ,  thermal stress because of I E! R hea t ing  of 

Unit  Z - 1 1  had fou r  f a i l e d  drums, w i th  cracks s i m i l a r  t o  those 
i n  u n i t  2-10, except  t h a t  t he  cracks w e r e  a t  gas tube holes  
i n  t he  drum bodies. D r u m s  F-178, F-179, and F-181 w e r e  ad- 
j a c e n t  i n  t h e  lower h a l f  of t he  stack, wi th  s u b s t a n t i a l  flame 
marking on surrounding surfaces. This  suggests  a drum-to-drum 
failure propagation, w i t h  the  i n i t i a l  crack and CO flame 
causing the  overheat ing and cracking of the  drum above o r  be- 
low. D r u m  F-173, a t  t h e  top  of t he  s t a c k ,  cracked a t  an area 
where a number o f  c r y s t a l  imperfect ion p i t s  i n  t h e  drum sur- 
f a c e  induced l o c a l  stress concentrat ion.  An a d d i t i o n a l  crack 
i n  F-173 appeared a t  the gas tube l y i n g  d i r e c t l y  above the  
f a i l u r e s  i n  the  lower h a l f  of t h e  s t a c k ,  sugges t ing  i t  may 
have been f l a m e  induced. 

Unit  2-12 d isp layed  four  cracked drums-F-188, F-189, F-190, 
and F-191-at t h e  bottom of the  stack. Again, t he  cracks 
were a t  the  w i r e  ho le s ,  w i th  evidence of l o c a l  d i s c o l o r a t i o n  
caused by a CO f l a m e  w i th  t h e  s a m e  kind of f r a c t u r e  o r i g i n  
d iscussed  above f o r  u n i t  2-11. I t  i s  clear t h a t  t he  f a i l u r e s  
observed are progress ive  i n  na tu re ,  occur r ing  only a f t e r  
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opera t ion  w i t h  high c u r r e n t  d e n s i t y  and high rates of oxygen 
t r a n s f e r  through the  cells .  The hanging of the  drums from 
the  gas tubes and lead  w i r e s  adds l o c a l  components of t o r s i o n  
and t e n s i l e  stress which combine wi th  t h e  hoop stress i n  the  
drum body due to thermal expansion. Combination of those 
stresses wi th  g r a i n  growth and e lec t rochemica l  e f f e c t s  re- 
s u l t e d  i n  eventua l  f a i l u r e .  

The three- inch  diameter steel  low carbon CO d ispropor t iona tor  
ope ra t ing  on  the  CO-COz streams from u n i t s  Z-10, Z-11, and 
2-12 had a heated furnace 6 0  c m  long which could be moved 
a long  t h e  length  of  t he  r e a c t o r .  The temperature w a s  held 
a t  552 2 8OC f o r  most of t h e  run. 
a 6 0  c m  l eng th  of t he  pipe i n  both d i r e c t i o n s .  Atthe end of 
t h e  run  (550 hours f o r  one u n i t ,  257 hours f o r  a l l  t h r e e ) ,  
t h e  r e a c t o r  w a s  cooled and the  carbon w a s  removed. A t o t a l  
of 701 grams of loose ,  f i n e l y  divided carbon had accumulated. 

The furnace w a s  moved along 

5.2 TWO-DRUM UNITS 2-13 AND 2-14 

Two e l e c t r o l y z e r s  w i th  two drums each were assembled i n  o r -  
der t o  make prel iminary tests of some new g r i d  and tubing 
conf igura t ions  

Unit  2-13 used t h e  gold a l l o y  c ross  p lus  concent r ic  c i r c l e  
g r ids .  
e l b o w  i n s i d e  the  drum, as shown i n  Fig. 5-1. Improved cur- 
r e n t  and gas flow d i s t r i b u t i o n  were the  a i m s  of these  changeso 
The cells  were wired i n  series. Gold-palladium w i r e  w a s  used 
f o r  leads r a t h e r  than the  platinum previously used. Connect- 
i n g  sleeves of gold a l l o y  were arranged so  t h a t  tubing s tubs  
on the  drums and on t h e  manifolds could be jo ined  by torch  
brazing. 

Entrance tub ing  i n  the  drums included a 90-degree 

Oxygen e l e c t r o l y s i s  condi t ion ing  w a s  c a r r i e d  on f o r  69 hours 
i n  forward and reverse d i r e c t i o n s  wi th  cu r ren t s  t o  4 A. C 0 2  
e l e c t r o l y s i s  w a s  then s t a r t e d  wi th  a 4.5 hour buildup t o  f u l l  
power. A f t e r  6 4  hours the  oxygen y i e l d  abrupt ly  dec l ined  
t o  58% and a s h o r t  c i rcui t  w a s  de t ec t ed  a t  the  upper g r i d  of 
t h e  lower drum. The u n i t  w a s  turned o f f  and cooled t o  room 
temperature f o r  examination. The upper drum, F-207, had 
sagged and shor ted  ac ross  the  connections t o  the  upper g r i d  
on drum F-206 below it. This w a s  a t t r i b u t e d  t o  the  long 
span of m e t a l  tub ing  connecting the  drum t o  the  manifolds, 
as w e l l  as the  gold a l l o y  connecting w i r e s  which lacked the  
s t i f f n e s s  of platinum w i r e .  A ceramic spacer w a s  placed 

4 9  



INLET MANIFOLD TUBE 

Fig. 5-1 Module 2-13 G a s  P o r t  Connections 
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between the  drums and the  u n i t  w a s  re-assembled i n  i t s  enve- 
lope. Operating t i m e  w a s  counted from the  resumption of 
f u l l  power a t  ope ra t ing  temperature. A f t e r  co r rec t ion  of the  
s h o r t  c i rcui t ,  t h e  vol tage  rise a t  4 A f o r  t he  next 2’00 hours 
w a s  2.46 t o  2.73 V and 2.29 t o  2.55 V f o r  t he  top  and bottom 
cells of  t he  upper drum, r e s p e c t i v e l y ;  2.34 t o  2.54 V and 
2.28 t o  2.48 V f o r  t he  top and bottom cells of the  lower drum, 
re spec t ive l y  . 
The run  continued f o r  350 hours w i t h  a somewhat dec l in ing  
oxygen e f f i c i e n c y  (below 90% f o r  t h e  last 72 hours) but a 
very low leakage rate. 
0.33% u n t i l  t he  f i n a l  breakdown a t  374 hours. Just before  
t h a t  breakdown, t h e  oxygen e f f i c i e n c y  had dropped below 80% 
and the  leak rate rose  from 0.1 t o  0.3%. A l s o ,  the  top  
d i s k  of t h e  upper drum shor ted  out .  

The C02 t o  02 leakage d i d  not exceed 

On dismantl ing t h e  u n i t ,  the upper and lower drums w e r e  cracked. 
The upper drum, F-207, cracked a t  a t h i n  s e c t i o n  of i t s  p e r i -  
phery which w a s  f u r t h e r  s t r e s s e d  because of some p i t s  from 
c r y s t a l l i n e  d e f e c t s  i n  the  z i r c o n i a  material. I t  i s  probable 
t h a t  t h i s  crack occurred f i rs t  and t h a t  hea t ing  from the  CO 
flame a t  t h a t  po in t  induced t h e  ad jacen t  drum t o  crack. The 
e l e c t r o l y t e  d i s k s  d i d  not crack, but  w e r e  thoroughly degraded 
i n  p a t t e r n s  l y i n g  under t h e  gold w i r e s .  The degradat ion had 
p e r f o r a t e d  the  e l e c t r o l y t e  on the  upper d i s k s  of both t h e  upper 
and lower drums. The e lectr ical  d a t a  tends t o  i n d i c a t e  t h a t  
t h e  p e r f o r a t i o n  occurred before  t h e  drum cracking. I n  s p i t e  
of t h i s  drast ic  d e t e r i o r a t i o n  a t  374 hours opera t ion ,  t he  u n i t  
performed w e l l  fo r  g r e a t e r  than  350 hours. 

Unit  2-14 used g r i d s  inco rpora t ing  high-conduct ivi ty  gold a l -  
loy  w i r e  descr ibed  i n  sub-sec t ion  4.4,above. Gas tubing and 
manifolding w e r e  of the  same type used i n  the  previous one- 
man e l e c t r o l y z e r .  The cells were wired so t h a t  t he  two nega- 
t ive g r i d s  on t h e  i n s i d e  of each drum were i n  p a r a l l e l  and 
a l s o  the  two p o s i t i v e  g r i d s  on t h e  o u t s i d e  but  t he  two drums 
w e r e  i n  series. Thus t o  c a r r y  t h e  d e s i r e d  4 A t o  each ce l l ,  
t h e  major c u r r e n t  leads  e n t e r i n g  the  e l e c t r o l y z e r  envelope 
carried 8 A. The g r i d s  were t h e  s a m e  f o r  a l l  four  cel ls .  
Top and bottom disks w e r e  0.069 and 0.073 inch  t h i c k  f o r  drum 
F-203 and 0.070 and 0.078 inch  f o r  drum F-205. 

The u n i t  w a s  pre-conditioned wi th  120 hours of  oxygen e l e c -  
t r o l y s i s  u s ing  c u r r e n t s  of 2 t o  8 A  i n  both drum-to-envelope 
and envelope-to-drum d i r e c t i o n s .  C02 e l e c t r o l y s i s  then com- 
menced w i t h  a conservat ive bui ldup t o  f u l l  power covering 
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25 hours. Operation a t  4 A pe r  c e l l  then continued f o r  331 
hours. For t h a t  per iod ,  t he  oxygen y i e l d  w a s  80 t o  90%. C02 
leakage i n  the  oxygen stream remained below 1% f o r  168 hours 
and s l o w l y  increased  t o  2.3% a t  311 hours. 

The vol tage  of t h e  top  drum remained p r a c t i c a l l y  constant  
f o r  t h e  f i r s t  300 hours a t  2.68 t o  2.85 v o l t s .  A t  329 hours 
t h e  vol tage  rose  ab rup t ly  t o  3.59 v o l t s  from a previous level 
of 2.85 v o l t s .  The C02 leakage a l s o  ab rup t ly  rose  t o  89% and 
t h e  tes t  w a s  terminated. I n  c o n t r a s t ,  t h e  i n i t i a l  app l i ed  
vo l t age  t o  t h e  lower drum w a s  2 .11  v o l t s .  A t  90 hours,  t he  
vo l t age  w a s  2.55 v o l t s  and rose  gradual ly  t o  2.69 v o l t s  a t  
329 hours. 

On dismantl ing t h e  u n i t ,  t he  upper drum (F-203) w a s  found t o  
have cracked, w i th  the  crack propagating across  both f aces  of 
t h e  e l e c t r o l y t e  d isks .  The lower drum (F-205) remained gas- 
t i g h t .  Careful  examination suggested t h a t  t he  f r a c t u r e  i n  the  
upper drum probably started a t  a lump of excess s e a l i n g  gold 
i n  the  corner  between t h e  drum and the  d i s k ,  l oca t ed  where i t  
would induce t ens ion  on expansion. The abrupt  change i n  
vo l t age  a t  329 hours i s  a s s o c i a t e d  wi th  t h i s  f r a c t u r e  of the  
e l e c t r o l y t e .  Both upper and lower drums showed s u b s t a n t i a l  
detachment of t h e  cu r ren t  g r i d s  from t h e  e l e c t r o l y t e  faces .  
The i n n e r  g r i d s  (CO2 s i d e )  w e r e  f u l l y  detached i n  the  upper 
drum and three- four ths  detached i n  the  lower drum. There w a s  
a marked degradat ion of  e l e c t r o l y t e  under the  gold a l l o y  c ros s  
of t h e  g r i d s  on both inner and o u t e r  sur faces .  D i f f e r e n t i a l  
expansion of gold and z i r c o n i a  may have induced the  detach-  
ment. The e l e c t r o l y t e  degradat ion mechanism w a s  d i scussed  i n  
Sec t ion  4 ,  above. 

5.3 SIX-DRUM UNIT 2-17 

The cons t ruc t ion  details  of a t y p i c a l  drum of u n i t  2-17 are 
shown i n  Fig. 5-2. The gas p o r t  t ubu la t ion  connection angle  
and method of mounting i n  a h o r i z o n t a l  furnace used i n  t h i s  
u n i t  reflect  an in te rmedia te  s t a g e  i n  t h e  changeover from 
t h e  o l d  vertical  t o  t h e  new h o r i z o n t a l  t e s t i n g  geometry. 
The drums f o r  t h i s  module had a l ready  been brazed us ing  the  
o l d  opposed angle  on t h e  two gas p o r t  t ubu la t ions  of each 
drum. The accommodation t o  h o r i z o n t a l  opera t ing  p o s i t i o n  i s  
shown i n  Fig.  5-3. The t o r c h  brazing method showed i ts  ver- 
s a t i l i t y  i n  t h i s  u n i t  when one drum w a s  damaged i n  the  as- 
sembly. I t s  tubes w e r e  sawed o f f  and a new drum w a s  brazed 
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TORCH BRAZED 

F i g .  5-3 Torch-Brazed Manifold Connections and 
Method of Supporting Drums in Horizontal Furnace 

’ for Unit 2-17 
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i n  as a replacement, a r e p a i r  technique which w a s  no t  p r e -  
v ious ly  a v a i l a b l e  i n  t h e  s e a l i n g  process.  The complete as- 
sembly t e s t e d  a t  over fou r  minutes i n  t h e  At/Ap leak  test 
(dry gauge system) previously descr ibed  (Sect ion 7 of Ref. 2 ) .  

The drums w e r e  b a s i c a l l y  t h e  same 20 cm2 d i s k s  and edge seal 
des ign  descr ibed  i n  t h e  Second Annual Report (Ref. 2 )  wi th  
modi f ica t ions  t o  t h e  electrical  g r i d  and gas i n l e t  tubes.  
The g r i d  wi th  increased  c u r r e n t  ca r ry ing  capac i ty  and the  
two-port i n l e t  nozzle f o r  b e t t e r  f l o w  d i s t r i b u t i o n  are 
descr ibed  i n  sub-sect ions 4.3 and 3.5. Drum bodies w e r e  
made from c a l c i a - s t a b i l i z e d  z i r c o n i a  and the  e l e c t r o l y t e  
d i s k s  w e r e  of (ZrO2>o,93(Sc203)0.07. 

A h o r i z o n t a l  furnace w a s  provided t o  ope ra t e  the  e l e c t r o -  
l y z e r  i n  a h o r i z o n t a l  pos i t i on .  One advantage i s  t h a t  the  
manifold tubes can be arranged t o  c a r r y  the  weight of t h e  
drums, as shown i n  Fig. 5-3, thus avoiding s t r a i n  on the  con- 
nec t ing  tubes. A support ing d i s k  of Lava A w a s  placed a t  
the  end of t he  drum stack t o  space the  manifold tubes and 
c a r r y  the  weight. 

Wiring connections between drums were a l s o  changed t o  mini- 
mize leakage cu r ren t s .  There has been some concern t h a t  the  
somewhat conductive c a l c i a - z i r c o n i a  drum bodies tend t o  c a r r y  
s m a l l  c u r r e n t s  between the  w i r e  l eads  which pass through t h e  
drum w a l l s  and ad jacen t  d i s k  edges. With t h e  previous wir ing  
arrangement, each drum had one area i n  which a two-volt poten- 
t i a l  w a s  separa ted  by 0.2 c m  of ca l c i a -z i r con ia .  The revised 
wir ing ,  shown i n  Fig. 5-4, resul ts  i n  a m a x i m u m  of one-volt 
d i f f e r e n c e  a t  any point .  The rrupperT1 cel ls  are i n  series 
w i t h  each o t h e r  and the "lowerlT cells are i n  series i n  a com- 
p l e t e l y  sepa ra t e  circuit. The two groups of cel ls  are then 
connected t o  two sepa ra t e  power supp l i e s .  

Unit  2-17 w a s  f i r s t  p r e - t r e a t e d  w i t h  oxygen a t  one and two 
amperes per  ce l l  and w i t h  carbon dioxide a t  one ampere per  
cell.  C02 e l e c t r o l y s i s  w a s  then i n i t i a t e d  a t  two amperes per  
ce l l  (100 mA/cm2) a t  a temperature of 870OC. The nominal C02 
flow rate w a s  730 ml/min dur ing  the  e l e c t r o l y s i s  a t  two amperes 
per  cell.  The twelve-cell e l e c t r o l y z e r  w a s  operated continu- 
ous ly  under these  condi t ions  of C02 e l e c t r o l y s i s  f o r  86 days 
(2050 hours).  Subsequent ope ra t ion  under s i m i l a r  condi t ions 
continued t o  115 days (2700 hours) .  

The fol lowing ope ra t ing  parameters w e r e  gene ra l ly  measured 
on a d a i l y  b a s i s  dur ing  the  115 days: 
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. Drum No. 

F-209 

F-210 

F-211 
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3 4  c 14 

5 

12 

7 

10 

9 

I I I 

Q 
Numbers 2 to 15 - Voltage probes e,@- leads to power supply 

Fig.  5-4 Wiring Diagram f o r  Unit 2-17 
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E lec t r o l y z e r  envelope temperature 

Carbon dioxide-water flow rate 

Twelve  s i n g l e  ce l l  vo l tages  

To ta l  oxygen y i e l d  

Carbon dioxide content  of t he  oxygen stream 

Carbon monoxide conten t  of t he  e x i t  
carbon dioxide-carbon monoxide stream 

Current t o  each bank of s ix  cel ls  

Complete d a t a  are l i s t e d  i n  Table 5-1. 

The t o t a l  app l i ed  vo l t age  f o r  the  twelve cells,  the percent  
oxygen y i e l d  ( f a r a d a i c  cu r ren t  e f f i c i e n c y ) ,  and the  CO2 con- 
t e n t  i n  the  oxygen stream are shown i n  Fig. 5-5 as a func t ion  
of  t h e  number of days of ope ra t ion  f o r  t h e  f i r s t  101 days. 
The C02 t o  CO conversion rate per  pass measured during t h i s  
per iod  w a s  20 t o  27  percent .  As shown i n  Fig. 5-5, t h e r e  w a s  
a r e l a t i v e l y  r a p i d  dec l ine  i n  the  t o t a l  app l i ed  vol tage  dur-  
i n g  t h e  f i rs t  f e w  days of  ope ra t ion  after which a gradual  
r ise i n  vol tage  occurred. The i n i t i a l  decrease i n  vol tage  
can be a sc r ibed  predominately t o  improvement i n  the  e l e c t r o d e  
and g r i d  contac ts .  Fur ther  continuous opera t ion  leads  t o  a 
gradual  loss  of e l e c t r o d e  and g r i d  con tac t s  on the  cathode 
(reducing)  s i d e  and i r r e v e r s i b l e  changes i n  the  high cu r ren t  
d e n s i t y  po r t ions  of  t h e  e l e c t r o l y t e  because of non-uniform 
d i s t r i b u t i o n  of c u r r e n t  on t h e  e l ec t rodes .  The resu l t  i s  an 
inc rease  i n  t h e  t o t a l  c e l l  r e s i s t a n c e  which manifests  i t s e l f  
by an inc rease  i n  the  app l i ed  vo l t age  ( a t  cons tan t  cu r ren t ) .  
The p e r i o d i c  f l u c t u a t i o n s  i n  t h e  a p p l i e d  vol tage  seen i n  Fig. 
5-5 result from changes i n  the  r e s i s t a n c e  of the  twelve c e l l s  
(at cons t an t  c u r r e n t )  due t o  cyc l ing  of t he  furnace tempera- 
ture. The v a r i a t i o n  of the  uncorrected oxygen y i e l d  between 
98 and 104% i n  F ig . '5 -5  i s  due t o  f l u c t u a t i o n  of t he  oxygen 
volume flow rate wi th  f l u c t u a t i o n  of t he  temperature i n  the  
t es t  room. 
be made f o r  t he  p a r t i a l  s a t u r a t i o n  of the oxygen stream w i t h  
water a t  t h e  soap bubble m e t e r .  

A c o r r e c t i o n  i n  t h e  oxygen f l o w  rate must a l s o  

Typical  v a r i a t i o n s  i n  t h e  s i n g l e - c e l l  vo l t age  values, Vco2, 
f o r  the twelve cells i s  shown i n  Table 5-2 f o r  the  e i g h t h  
day of C02 e l e c t r o l y s i s .  Included i n  t h e  t a b l e  are the s i n g l e  
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Table 5-2 

TYPICAL SINGLE CELL VOLTAGES FOR ELECTROLYZER 2-17 

I PROCESS 

02 t r a n s f e r  

C02 e l e c t r o l y s i s  b 02  t r a n s f e r  

A P P L I E D  V O L T A G E ( V l a  

D r u m  N u m b e r s  
7-209 F-210 F-211 F-213 F-216 F-218 

~ 

TOP CELLS 

1 - 9 3  1 - 7 7  1 .69  1.73 1.76 1.85 

0.56 0.39 0.37 0.37 0.40 0.55 

1.37 1.38 1.32 1.36 1.36 1.30 

0.53 0.54 0.48 0.52 0.52 0.46 

BOTTOM CELLS 

1.92 1.89 1 . 7 1  1.88 1.78 1.84 

0.53 0.38 0.34 0.38 0.38 0.55 

1.39 1.51 1.37 1.50 1.40 1 .29  

0.55 0.67 0.53 0.66 0.56 0.45 

Not co r rec t ed  f o r  I R  drop i n  the  c u r r e n t  leads  of 0.1 v o l t  
per  bank of  s ix  ce l l s  (cells i n  drums F-209 and F-218) 
a 

bVoltage values from e i g h t h  day Of 115-dgy tes t  (see Table 5-11 

AVco2 measured i s  the  sum of the  t h e o r e t i c a l  CO 
t i o n  vol tage  and the  p o l a r i z a t i o n  vol tage  t e r m  ?see Eq. 5-4) 

d i s s o c i a -  C 

= 0.84 V obtained from Eq. 5-2 wi th  Eo = 0.95 V. 
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c e l l  vo l tage  values, Vo2, f o r  e l e c t r o l y t i c  oxygen t r a n s f e r  
under t h e  same condi t ions  of c u r r e n t  and temperature,  and the  
d i f f e r e n c e  i n  vo l t age ,  Vcoz-Vo2. 

For e l e c t r o l y t i c  oxygen t r a n s f e r ,  the  p a r t i a l  p ressures  of 
oxygen a t  t h e  cathode, cPo2, and anode, aPOz, are both one 
atmosphere. The app l i ed  vo l t age  m u s t  then  only overcome the  
t o t a l  c e l l  r e s i s t a n c e ,  RT, a t  a p a r t i c u l a r  c u r r e n t ,  I. Con- 
c e n t r a t i o n  p o l a r i z a t i o n  and a c t i v a t i o n  overvoltage f o r  the  
oxygenlplatinun cathode and anode (based on previous exper i -  
mental evidence) are taken as zero.  Therefore,  

Vo2 I R T  (5-1) 

Contr ibut ions t o  t h e  t o t a l  r e s i s t a n c e ,  RT, include the  re- 
s i s t a n c e s  of t he  e l e c t r o l y t e ,  e l e c t r o l y t e - e l e c t r o d e  con tac t s ,  
g r i d s ,  and i n t e r - c e l l  electrical  leads  otherwise not  removed 
by vol tage  probes. 

For CO2 e l e c t r o l y s i s ,  t he  app l i ed  vo l t age ,  Vco2, i n  a d d i t i o n  
t o  t h e  I R T  term, m u s t  inc lude  the  t h e o r e t i c a l  average v o l t -  
age,  ECQ, f o r  t he  d i s s o c i a t i o n  of C02 t o  CO and 0 2 ,  given 
by the  equat ion  

(5-2 

where E i s  the  average and Eo t h e  s tandard  t h e o r e t i c a l  v o l t -  
age,  An the  moles of CO2 converted t o  CO and n i ,  p i ,  nf ,  pf 
are t h e  i n i t i a l  and f i n a l  moles and p res su res  of CO and CO2. 
The equ iva len t  l og  term drops out  f o r  aPo2 = 1 a t m .  A po la r -  
i z a t i o n  vol tage  term, Vp, def ined  as the  sum of the  activa- 
t i o n  overvol tage,  concent ra t ion  p o l a r i z a t i o n  vo l t age ,  and 
o t h e r  p o l a r i z a t i o n  phenomena a s soc ia t ed  wi th  the  CO2 elec- 
t rode  (cathode) r e a c t i o n ,  must a l s o  be included. Therefore,  
t he  app l i ed  vo l t age ,  Vcoz, i s  given by the  equat ion 

- vco2 = E + Vp i- R T I  (5-3) 

From Equations (5-1) and (5-3) 

A V C O ~ ,  t h e  experimental ly  obtained d i f f e r e n c e  i n  vo l t age ,  i s  
t h e  sum of t he  CO2 d i s s o c i a t i o n  vo l t age ,  E, and the  po la r i za -  
t i o n  vo l t age  t e r m ,  Vp. 
5-3 i s  assumed t o  remain cons tan t  f o r  both processes  occurr ing  

RT of the  ce l l  i n  Equations 5-1 and 
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a t  the  same temperature when measured a t  approximately the  
same t i m e  dur ing the  ce l l ' s  ope ra t ing  h i s t o r y .  An equiva len t  
l a r g e  increase  i n  RT w a s  previously observed f o r  both C02 
e l e c t r o l y s i s  and oxygen t r a n s f e r  after 30 days of near per -  
f e c t  opera t ion  of the eight-ampere one-drum e l e c t r o l y z e r  
2-8 (Ref 2 ) .  

The AVco values per  ce l l  i n  e l e c t r o l y z e r  2-17 are about 0.2 

be a sc r ibed  t o  the  gradual  drop i n  contac t  r e s i s t a n c e  i n  the 
cel ls  of u n i t  2-17 during t h e  i n i t i a l  two weeks of opera t ion  
and the  f a c t  t h a t  Vco2 w a s  measured dur ing  the  middle of 
t h i s  per iod while  Vo 
e l e c t r o l y s i s .  

v o l t  h i g  ?l e r  than i n  e l e c t r o l y z e r  2-8. This  discrepancy can 

w a s  measured before  the  s ta r t  of C 0 2  
2 

A f t e r  2050 hours of opera t ion ,  u n i t  2-17 w a s  cooled down, re- 
moved from t h e  furnace and v i s u a l l y  examined f o r  s igns  of 
phys ica l  degradat ion of t he  ou t s ide  ce l l s ,  drum w a l l s ,  and 
seals. N o  s igns  of s e r i o u s  phys ica l  degradat ion of the  cel ls  
w e r e  ev ident  

The e l e c t r o l y z e r  w a s  put  back i n t o  opera t ion  under the same 
condi t ions  p r e v a i l i n g  before  the  shutdown. Refer r ing  t o  
Fig. 5-5, it i s  apparent  t h a t  the  r e s i s t a n c e  of the e l e c t r o -  
l y z e r  increased  about 10%. The process  of cool ing the  u n i t  
t o  room temperature,  removing from the  furnace,  and r e -hea t -  
i n g  t o  ope ra t ing  temperature had the  e f f e c t  of i nc reas ing  
t h e  ce l l  r e s i s t a n c e s .  The e l e c t r o l y z e r  continued t o  opera te  
s a t i s f a c t o r i l y  a t  100% average 0 2  y i e l d  and less than 0.5% 
C02 i n  the  oxygen output  f o r  an a d d i t i o n a l  15 days. 
then  decided t o  opera te  wi th  1.5% hydrogen i n  the  C02 input .  
A f t e r  t h r e e  days f u r t h e r  opera t ion ,  a n  inc rease  i n  leakage 
of C02 i n t o  the  oxygen envelope r equ i r ed  another  examination. 
One drum w a s  found t o  have d e t e r i o r a t e d  t o  t h e  po in t  of sub- 
s t a n t i a l  p o r o s i t y  on t h e  e l e c t r o l y t e  faces. It w a s  snipped 
ou t  and the manifold tubes w e r e  brazed s h u t ,  which demonstrates 
t h e  v e r s a t i l i t y  of t h e  manifold-mult i -cel l  arrangement. Four 
days f u r t h e r  ope ra t ion  w e r e  obtained w i t h  oxygen y i e l d  g r e a t e r  
than  90% of t h e o r e t i c a l ,  when an open c i r c u i t  appeared due t o  
g r i d - e l e c t r o l y t e  detachment. A t  t h i s  t i m e  t he  C 0 2  leakage 
i n t o  t h e  oxygen stream w a s  up t o  4%. The e l e c t r o l y t e  d i sks  
had d e t e r i o r a t e d  t o  the  po in t  where t h e i r  u s e f u l  l i f e  w a s  a t  
a n  end and the  test  w a s  terminated. This  e l e c t r o l y z e r  per -  
formed s a t i s f a c t o r i l y  f o r  101 days producing 24 amperes 
equiva len t  of brea thable  oxygen a t  100% f a r a d a i c  e f f i c i e n c y  
and funct ioned f o r  14 days a d d i t i o n a l l y  a t  a less r e l i a b l e  
leve 1 .. 

I t  w a s  
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5.4 ONE-DRUM U N I T  Z-19 

This  u n i t  w a s  cons t ruc ted  t o  determine the  r e l i a b i l i t y  and 
ope ra t ing  c h a r a c t e r i s t i c s  of a g r i d  design intended t o  improve 
c u r r e n t  d i s t r i b u t i o n  over t h e  cel l  faces ( s t y l e  K-1E). Ex- 
panded platinum mesh w i t h  0.5 mm (0.020 inch)  pe r iphe ra l  
platinum w i r e  r i m  w a s  f i r e d  t o  t h e  e l e c t r o l y t e  faces  wi th  
platinum pas t e  as i n  previous e l ec t rodes .  
c e n t r a t i o n  w a s  changed by tapping the  pe r iphe ra l  r i m  a t  four  
p o i n t s  w i t h  0.5 mm platinum lead w i r e s  which were looped away 
from the  e l e c t r o d e  t o  a welded connection w i t h  a 1 mm gold 
a l l o y  w i r e  main lead.  The gold a l l o y  w i r e s  then were sea l ed  
through the  drum w a l l s ,  f o r  i n s i d e  ce l l  faces, o r  c a r r i e d  
around t h e  drum, f o r  ou t s ide  ce l l  f aces ,  and connected i n  
series as i n  previous u n i t s .  

Curren t  dens i ty  con- 

The 1 c m  h igh  drum body w a s  made of c a l c i a - s t a b i l i z e d  z i r c o n i a  
and t h e  e l e c t r o l y t e  d i s k s  w e r e  of (ZrO2)0,93(Sc203)0.07. 
drum w a s  brazed t o  platinum a l l o y  tubes ,  t he  entrance tube hav- 
i n g  t h e  two-port nozzle prev ious ly  reported.  Alumina manifold 
tubes supported the  drum i n  a mullite envelope f o r  opera t ion  
i n  a h o r i z o n t a l  furnace.  

The 

Operation w a s  s t a r t e d  on C 0 2  e l e c t r o l y s i s ,  omi t t ing  the  cus- 
tomary oxygen pre- t reatment  t o  determine the  e f f e c t  on elec- 
t rode  adherence. Immediately on reaching t h e  opera t ing  t e m -  
pe ra tu re  of 87SoC, a c u r r e n t  of 2 A  per  ce l l  (100 mA/cm2) w a s  
appl ied .  The oxygen y i e l d  w a s  100% of t h e o r e t i c a l  and the  
C 0 2  leakage remained nea r ly  cons tan t  a t  0.32%. Af te r  161 
hours ,  t he  c u r r e n t  w a s  reduced t o  make cur ren t -vol tage  m e a s -  
urements. The r e l a t i o n s h i p  w a s  l i n e a r  up t o  the  chosen l i m i t  
of 2 A and t h e  cells showed s l i g h t l y  less r e s i s t a n c e  than 
those of one-drum e l e c t r o l y z e r  2-8 (Ref. 2) .  Operation con- 
t inued  a t  2 A u n t i l ,  on the  42nd day, one cel l  shor ted  out .  
A somewhat downward t r end  i n  oxygen y i e l d  appeared after 
t h e  35th day, as shown i n  t h e  ope ra t ing  d a t a  p l o t ,  Fig. 5-6. 

The drum w a s  opened,and the  s h o r t  w a s  found t o  be due t o  
sagging of a gold l ead  w i r e .  
o r  g r i d s  appeared. 

No d e t e r i o r a t i o n  of e l e c t r o l y t e  

5.5 TWO-DRUM U N I T  2-20 

Spec ia l  drum bodies w i t h  l eng th  t w i c e  t h a t  of  the  s tandard 
drum w e r e  prepared ( 2 1  mm vs. 10.5 mm) t o  test the  e f f e c t  of 
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reducing leakage c u r r e n t  paths  which have been pos tu la ted  as 
a poss ib l e  source of drum f a i l u r e .  S t a b i l i z e d  z i r c o n i a  as 
used f o r  t h e  drum bodies i s  about 20 t i m e s  less conductive 
than  the  e l e c t r o l y t e  z i r c o n i a ;  however, it can ca r ry  some 
cu r ren t  and t h e r e  w a s  evidence of some e l e c t r o l y t i c  degrada- 
t i o n  on some f r a c t u r e  f aces  on f a i l e d  p a r t s  i n  the  six-drum 
modules of t h e  one-man u n i t  (Z-10, 2-11, and 2-12). Current 
leads  pass ing  through t h e  drum w a l l  of u n i t  2-20 were loca ted  
asymmetrically such t h a t  t he  pa th  through the  w a l l  from each 
lead  t o  t h e  e l e c t r o d e  t o  which i t  w a s  connected w a s  2.0 mm 
and the  pa th  t o  the  inne r  e l e c t r o d e  of the  o t h e r  d i s k  which 
w a s  a t  a d i f f e r e n t  p o t e n t i a l ,  w a s  12.0 mm. 

The e l e c t r o l y t e  material i n  t h i s  u n i t  w a s  (Zr02)0.g3(Sc~03)0.08. 
Grids were s t y l e  K-9 descr ibed  above i n  Sec t ion  4 .  The c e n t r a l  
t a p  (K-9, side A) w a s  l oca t ed  i n s i d e  the  drum f o r  both cel ls ;  
thus ,  t h e  f o u r  cells  of two drums could be conveniently con- 
nected i n  series. The current pa th  through the  e l e c t r o l y t e ,  
from the  pe r iphe ra l  t a p  on one s i d e  of t h e  ce l l  t o  the  c e n t r a l  
t a p  on t h e  oppos i te  s i d e ,  w a s  intended t o  allow high cu r ren t  
d e n s i t y  ( t o  200 mA/cm2) without  t he  "hot-spot" e l e c t r o l y t e  
degrada t ion  which appeared wi th  some previous designs.  
drum, F-227, used gold pas t e  f o r  t he  e l ec t rode .  Hydrogen w a s  
added t o  t h e  gas stream so t h a t  t he  hydrogen content  would be 
g r e a t e r  than  t h a t  obtained s o l e l y  by water s a t u r a t i o n .  This 
a d d i t i o n  made a t o t a l  of 13% + 3% H2 dur ing  t h i s  operat ion.  
Operating d a t a  are .shown i n  Fig. 5-7. There w a s  a consider-  
a b l e  i n s t a b i l i t y ,  wi th  r e c u r r i n g  peaks of increased r e s i s t a n c e  
(high app l i ed  vol tage)  corresponding w i t h  lows i n  oxygen 
y i e l d .  
t o  be i n  drum F-227, which had the  gold p a s t e  e lec t rode .  Ope- 
r a t i o n  continued u n t i l  t he  43rd day (1032 hours) ,  when a power 
failure s h u t  down t h e  u n i t .  On r e - s t a r t i n g ,  extreme high 
r e s i s t a n c e  and a severe jump i n  C 0 2  level ind ica t ed  major 
damage had occurred. 
examination, 

One 

The ind iv idua l  ce l l  vo l t ages  showed the  high r e s i s t a n c e  

The u n i t  w a s  cooled and dismantled f o r  

D r u m  F-229 was  i n  good condi t ion.  
of one o u t s i d e  e l e c t r o l y t e  su r face  appeared, and the  g r i d s  were 
s t i l l  w e l l  a t tached .  D r u m  F-227 had d e t e r i o r a t e d  badly. The 
e l e c t r o l y t e  surfaces had degraded and the  inne r  g r i d s  had de- 
tached. A crack ac ross  one e l e c t r o l y t e  d i s k  w a s  the  source 
of t he  gas leak which appeared a t  t h e  re-start attempt.  

Only a s l i g h t  d i s c o l o r a t i o n  

I t  i s  c l e a r  t h a t  t h e  gold pas t e  e l e c t r o d e  i s  not  acceptable .  
On t h e  o t h e r  hand, drum F-229, w i t h  platinum e l e c t r o d e s ,  per -  
formed very  w e l l  du r ing  t h i s  tes t ,  and w a s  s t i l l  usable  a f te r  
g r e a t e r  than 1000 hours of opera t ion ,  
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5.6 ONE-DRUM UNIT 2-21 

Unit  2 - 2 1  w a s  assembled f o r  e l e c t r o l y s i s  tes t  as a prototype 
of t h e  l a rge  eight-drum u n i t  2 - 2 4 ,  then i n  preparat ion.  It  
w a s  t he  f i r s t  tes t  of t h e  heavy gold a l l o y  expanded mesh 
g r i d  s t y l e ,  discussed i n  Sec t ion  4. I n  a d d i t i o n ,  t h i s  elec- 
t r o l y z e r  had an  a u x i l i a r y  e l e c t r o d e  i n  t h e  form of an extra 
vo l t age  t a p  w i r e  incorpora ted  i n t o  t h e  edge seal braze of  the  
top  d i sk .  It  w a s  used t o  measure p o t e n t i a l  d i s t r i b u t i o n  from 
t h e  r i m  of t he  platinum g r i d  t o  t h e  edge of the e l e c t r o l y t e  
d i s k ,  and from the  edge of t h e  e l e c t r o l y t e  d i s k  down the  drum 
w a l l  t o  t h e  r a d i a l  c u r r e n t  l ead  through the  drum w a l l .  

The vol tages  observed from outer g r i d  t o  e l e c t r o l y t e  edge and 
from e l e c t r o l y t e  edge t o  c u r r e n t  l ead  ( inne r  g r i d )  always 
added up t o  t h e  t o t a l  vo l tage  measured from o u t e r  g r i d  t o  
inne r  gr id .  

The u n i t  w a s  placed i n t o  a h o r i z o n t a l  furnace and taken t o  
ope ra t ing  temperature (-87OOC). 
t r o l y z i n g  oxygen from drum t o  envelope and from envelope t o  
drum a t  c u r r e n t s  from 0.5 t o  3 A f o r  a per iod  of fou r  days. 
It w a s  then  placed i n  ope ra t ion  e l e c t r o l y z i n g  CO2 a t  870OC. 
Hydrogen w a s  added to  reach  a 15% H2 level i n  the  gas i n l e t  
stream. 

It w a s  p re - t r ea t ed  by elec- 

Operating results are summarized i n  Fig. 5-8. A power f a i l -  
ure occasioned s h u t t i n g  down t h e  u n i t  af ter  15 days. 
i t  w a s  r e - s t a r t e d ,  t h e r e  w a s  no change i n  the  average oxygen 
y i e l d  and C02 level i n  the  oxygen. Operation then continued 
u n t i l  a d r a s t i c  rise i n  C02 content  of t h e  oxygen s t r e a m . i n d i -  
ca ted  a leak on t h e  63rd day. Oxygen y i e l d  had begun t o  de- 
c l i n e  a t  t h e  58th day, sugges t ing  Fncipient  f a i l u r e .  

When 

When the abrupt  C02 leakage appeared, t he  u n i t  w a s  shu t  down 
and dismantled. Degradation of t h e  e l e c t r o l y t e  w a s  severe 
and both  d i s k s  had cracked. The inne r  g r i d s  had detached 
from t h e  e l e c t r o l y t e  sur faces .  S a t i s f a c t o r y  ope ra t ion  for 
1390 hours sugges ts  t h a t  t he  d e t e r i o r a t i o n  appeared subsequent 
t o  t h a t  t i m e  and only  progressed r a p i d l y  dur ing  the  remaining 
two days opera t ion .  
s t y l e  w a s  discussed i n  Sec t ion  4.  

Operat ing d a t a  f o r  u n i t  2 - 2 1  are given i n  Table 5-3 .  The ex- 
t e n t  of conversion of CO2 t o  CO w a s  increased  during the  run ,  
by reducing the  C02 i n f l u x  rate, u n t i l  i t  reached 82.5%. 

The behavior of t h i s  e l ec t rode -g r id  

A t  
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Day - 
1 
1 
2 
3 
6 
7 
8 

13 
14 
15 
16 
16 
16 
19 
20 
2 1  
22 
23 
26 
27 
28 
29 
30 
33 
34 
35 
36 
40 
4 1  
42 
43 
47 
48 
49 
50 
5 1  
54 
55 
56 
57 
58 
59 
62 
63 
64 

65 - 

Table 5-3 

OPERATING DATA FOR UNIT 2-21 

1.92 
1.53 
1.46 
1.47 
1.41 
1.46 
1.65 
1.50 
1.54 
1.47 

Power 
Power 
2.31 
1.94 
1.61 
1.68 
1.72 
1.91 
1.64 
1.67 
1.70 
1.75 
2.05 
1.65 
2.15 
2.10 
2.00 
2.03 
2.07 
2.08 
1.75 
1.80 
1.85 
2.20 
1.80 
1.96 
2.04 
2.46 
1.71 
1.75 

2.48 
2.48 
0.76 

1.52 

- 

1.77 
1.79 
1.79 
1.81 
1.43 
1.47 
1.88 
1.49 
1.53 
1.44 
1.48 

failure 
UP 

2.30 
1.92 
1.59 
1.65 
1.67 
1.72 
1.63 
1.67 
1.72 
1.72 
1.80 
1.67 
2.02 
1.95 
1.76 
1.80 
1.82 
1.83 
1.86 
1.89 
1.90 
2.37 
1.80 
1.86 
1.89 
2.42 
1.82 
1.86 

2.35 
2.37 
0.02 

- 

E l e c t r o l y s i s  
Terminated 

32 Yield (%) 

96 
100.5 

98 
100 
100 
100 

98 
98 
98 
96.5 
97 

- 
98.4 
94 
95 
99 
96.5 
94 
98.6 
98 
99 
98 
98 
96 
95.4 
99.5 

100 
99 

100 
97 
97 
99 
97 

100 
100 
100 

90 
99 

100 

82 
81.5 
89 

- 

- 
- 

0.14 
0.15 
0.12 
0.12 
0.10 
0.10 
0.10 
0.03 
0.08 

- 
0.12 
0.11 
0.11 
0.10 
0-10  
0.10 
0.10 
0.10 
0.07 
0.08 
0.10 
0.13 
0.07 
0.07 
0.05 
0.07 
0.06 
0.03 
0.13 
0.06 
0.11 
0.04 
0.08 
0.05 
0.07 
0.07 
0.08 

0.06 
0.04 
3.87 

- 

- 
- 

26.5 
26.0 
27.1 
27.6 
34.6 
41.8 
41.5 
47.0 
46.7 

- 
46.2 
46.0 
47.0 
46.1 
46.2 
49.0 
47.8 
47.3 
47.9 
45.8 
47.2 
49.0 
47.4 
48.3 
45.9 
49.9 
48.1 
52.3 
59.4 
59.3 
57.5 
61.1 
60.0 
59.1 
53.6 
59.8 
60.7 
82.5 
70.0 
69.5 
21.6 
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t h i s  p o i n t ,  t he  f a r a d a i c  c u r r e n t  e f f i c i e n c y  dec l ined  s i g n i -  
f i c a n t l y  below 100% and f a i l u r e  of t he  u n i t  occurred s h o r t l y  
af terward.  The power f a i l u r e  on day 16  caused an  i n t e r r u p t i o n  
of opera t ion  of 22 hours. The C 0 2  feed  gas stream i n t o  the  
e l e c t r o l y z e r  contained 15% hydrogen from the  s ta r t  of t he  run  
through the  47th  day, 18% hydrogen from the  48th though the 
58th day, and 24% hydrogen from the  59th day t o  the  end of 
the  run. The c u r r e n t  w a s  maintained a t  2 A per  cel l  through- 
ou t  the  run  u n t i l  day 64 when degradat ion of one cel l  re- 
qui red  te rmina t ion  of the  test. 

5.7 ONE-DRUM UNIT 2-23 

Unit 2-23 c o n s i s t s  of one drum wi th  each c e l l  having g r i d  
s t y l e  K - 1 9  (see Sec t ion  4 ,  above). 
vided wi th  cu r ren t  ca r ry ing  ex tens ion  leads from each ce l l  
ou t  t o  the  c o n t r o l  panel  of the  e l e c t r o l y s i s  t es t  s tand.  
The wi r ing  s t y l e  and c o n t r o l  mode (vol tage o r  cu r ren t  con- 
t r o l )  can then be s e l e c t e d  o r  changed a t  any t i m e .  Both 
ce l l s  were connected i n  p a r a l l e l  on the  con t ro l  pane l ,  w i th  
an  ammeter on the  lead  t o  each ce l l ,  f o r  opera t ion  a t  con- 
s t a n t  vo l tage  from a s i n g l e  power supply. E l e c t r o l y s i s  of 
d ry  C02 conta in ing  19 2 4% hydrogen w a s  s t a r t e d ,  without  
oxygen e l e c t r o l y s i s  pre-condi t ioning,  us ing  a constant  
vo l t age  of 2.00 2 0.06 V ac ross  each ce l l .  

This u n i t  has been pro- 

Operating d a t a ,  t o  d a t e ,  are shown i n  Table 5-4 and i n  Fig. 
5-9. 
throughout t h i s  run,  and the  C02 leakage i n t o  the  oxygen has 
remained s u b s t a n t i a l l y  below 0.5%. A genera l ly  inc reas ing  
t r e n d  i n  r e s i s t a n c e  (reduced c u r r e n t )  occurred from t h e  7 th  
t o  t h e  48th  day of operat ion.  The app l i ed  vol tage  w a s  i n -  
c reased  t o  2.20 V on day 49 t o  b r i n g  the  average c u r r e n t  per  
c e l l  back t o  2 A. Conversion pe r  pass  of C 0 2  t o  CO ranged 
from 29 t o  92%, because of experimental  changes i n  the  i n l e t  
C 0 2  rate,  wi th  conversion above 75% dur ing  most of t he  run. 
Operation cont inues a t  a CO conten t  i n  the  e f f l u e n t  CO-CO2 
stream from the  cathode chambers of -80%. 

Oxygen y i e l d  has continued a t  100% of t h e o r e t i c a l  

5.8 EIGHT-DRUM UNIT 2-24 

This  i s  t h e  l a r g e s t  module, i n  t e r m s  of number of drums, t h a t  
has  been assembled. I t  c o n s i s t s  of e i g h t  drums (16 cel ls ,  
t o t a l  e l ec t rode  area 320 cm2) .  The g r i d s  on a l l  of the  cel ls  

72 



Table 5-4 

OPERATING DATA FOR UNIT 2-23 - 
Day - 
1 
2 
5 
5 
6 
6 
7 
8 
9 

12 
13 
13 
14 
15  
15 
16 
19  
20 
2 1  

2 1  
22 
23 
26 
27  
28 
29 
34 
35 
36 
37 
40 
4 1  
42 
43 
44 
47 
48 
49 
50 
51  
54 
55 
56 
57 
58 
6 1  

'c 

roltage of 
Each Cell 

2.00 
1.98 
1.98 
2.01 
2.02 
2.02 
1.99 
1.99 
2.01 
2.05 
2.04 
2.03 
2.04 
2.04 
2.04 
2.05 
2.04 
2.04 
2.05 

2.06 
2.02 
2.02 
2.02 
2.02 
2.03 
2.04 
2.04 
2.04 
2.03 
2.03 
2.03 
2.01 
2.00 
2.00 
2.01 
2.00 
2.20 
2.20 
2.18 
2.19 
2.20 
2.20 
2.20 
2.20 
2.20 

:urre n t (A) 

2.10 2.12 
2.15 2.65 
2.49 2.92 
2.43 2.41 
2.56 2.37 
2.54 2.36 
2.82 2.58 
2.76 2.52 
2.67 2.43 
2.63 1.89 
2.79 1.89 
2.89 1.92 
2.84 1.88 

2.79 1.83 
2.56 1.79 
2 .77  1.80 
2.72 1.75 
2.54 1.75 
:lectrolysis 

off 
2.32 1.84 
2.26 1.60 
2.24 1.65 
2.25 1.66 

2.18 1.64 
2.04 1.58 
1.98 1.58 
1.99 1.59 
2.08 1.68 
2.00 1.70 
1.99 1.70 
1.96 1.68 

1.91 1.66 
1.88 1.64 
1.88 1.66 
2.18 2.02 
2.16 1.96 
2.42 2.01 
2.29 1.93 
2.27 1.92 
2.21 1.90 
2.17 1.88 
2.13 1.84 

Zlectrolys is 
Continuing 

2.86 1.86 

2.21 1.65 

1.93 1.67 

2.11 1.78 

101.5 
100 
100 
103 
100.1 
103 
101 
105 
102 
101 

99 
103 
103 
101 
100 
103 
102.5 
101 
102 

101 
100 
101.5 

99.8 
10 3 
102 
101 
102 
100 
103 
102 
100 
104 
104 
100 
101 
100 
100 
10 1 
101 

99 
97 

100 
101 
103 
100 

LO2 i n  
'2 (%) 

- 
0.04 
0.09 

0.14 

0.07 
0.12 
0.16 
0.17 
0.16 
0.29 
0.35 
0.46 

0.42 
0.33 
0.32 
0.31 

- 
- 

- 

0.33 
0.25 
0.25 
0.27 
0.29 
0.31 
0.31 
0.27 
0.23 
0.22 
0.25 
0.20 
0.18 
0.18 
0.18 
0.17 
0.16 
0.15 
0.14 
0.14 
0.14 
0.13 
0.15 
0.16 
0.27 
0.16 

CO in 
:02 (%: 

- 
55.7 
59.8 
88.0 
92.3 
92.8 
82.8 
82.9 
79.1 
73.0 
71.5 
54.0 
51.9 

52.4 
54.0 
55.7 
55.1 
53.6 

- 

51.5 
61.0 
76.0 
75.8 
75.8 
75.4 
71.5 

73.0 
76.8 
74.7 
76.4 
76.4 
76.0 
74.0 
74.2 
73.5 
76.0 
74.0 
80.0 
77.2 
82.8 
80.5 
80.0 
83.5 
77.3 

73.4 
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are heavy expanded gold a l l o y ,  some of which have been f u r -  
nace s p o t  brazed t o  t h e  platinum p l a t e  on the  d i s k  (see Sec- 
t i o n  4 ) .  One c e l l  conta ins  a n  a u x i l i a r y  e l e c t r o d e  c o n s i s t -  
i n g  of an electrical  lead  s p o t  brazed t o  a s m a l l ,  e lectr ic-  
a l l y  i s o l a t e d ,  p l a t e d  area on the  i n s i d e  of the  top  d i s k  near 
t he  edge. A gas p o r t  tube has been used as a pa th  f o r  br ing-  
i n g  the  a u x i l i a r y  e l e c t r o d e  s i g n a l  through the  drum body. 
This u n i t  has been assembled t o  demonstrate t he  f e a s i b i l i t y  
of cons t ruc t ion  of l a r g e  m u l t i - d r u m  modules by t h e  present  
f a b r i c a t i o n  technique. L i f e  t e s t i n g  on C02 e l e c t r o l y s i s  i s  
being c a r r i e d  o u t  under condi t ions  more severe than those 
used f o r  t he  previous l i f e - t e s t e d  multi-drum u n i t ,  2-17. 
The degree of conversion pe r  pass i s  g r e a t e r ,  and the spe- 
c ia l  l o w  drum body vol tage  brought about by the  double 
series wi r ing  of u n i t  2-17 has been el iminated.  
t r o l y z e r  c o n s t i t u t e s  a one-fourth man u n i t  (32 A) a t  t h e  
p re sen t  opera t ing  level of 100 mA/cm2. 

This elec- 

Operation w a s  s t a r t e d  d i r e c t l y  on CO2 e l e c t r o l y s i s  without 
oxygen pre- t reatment .  Hydrogen w a s  added t o  t h e  gas f o r  a 
15% t o t a l  hydrogen content .  Operating d a t a  are shown i n  
Table 5-5 and Fig. 5-10. The C02 concent ra t ion  i n  the 02  
output  l eve led  o f f  a t  about 0.7% a f t e r  t he  f i rs t  10 days. 
It appears t h a t  a minor leak developed i n  t h a t  per iod ,  but 
t h e  leak rate d i d  not i nc rease  f u r t h e r .  Oxygen y i e l d  remains 
s teady  a t  nea r ly  100% of t h e o r e t i c a l  through the  present  
da te .  
i n  t h e  range 51 t o  54% f o r  t h e  f i r s t  26 days. On the  27th 
day t h e  flow rate of  CO2 w a s  decreased s l i g h t l y  t o  increase  
t h e  CO concent ra t ion  i n  the  cathode e f f l u e n t  gas. This i n -  
crease i n  conversion pe r  pass had no o t h e r  apparent  e f f e c t  
on t h e  ope ra t ion  of t h e  e l e c t r o l y z e r .  

The degree of conversion pe r  pass  of C02 t o  CO w a s  

A s teady ,  s l i g h t l y  inc reas ing  t r e n d  i n  r e s i s t a n c e  ( increase  
i n  app l i ed  vo l t age )  is  apparent  (Fig. 5-10) f o r  t he  f i rs t  42 
days. 
and purge the  hydrogen i n l e t  l i n e s  i n  order  t o  change hydro- 
gen supply b o t t l e s  without  hazard of explosion. On restart- 
ing ,  r e s i s t a n c e  inc rease  of about 10% ac ross  the  e l e c t r o l y z e r  
appeared. Ind iv idua l  cell  vo l t ages  ind ica t ed  t h a t  approxi- 
mately equal  po r t ions  of t he  change occurred i n  every ce l l ;  
hence, t h e  e f f e c t  w a s  genera l  r a t h e r  than  some l o c a l i z e d  
f a i l u r e .  Ind iv idua l  ce l l  vo l t age  d a t a  are given i n  Table 
5-6 a t  seven day i n t e r v a l s .  

A t  t h a t  p o i n t  i t  w a s  necessary t o  shu t  down b r i e f l y  
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_II 

Day - 
1 
5 
6 
7 
8 

12 
13 
14 
1 5  
16  
1 9  
20  
2 1  
22 
23 
26 
27  
28  
29 
30 
33 
34 
35 
36 
37 
4 0  
41 
42 
43 
44 
47 
4 8  
49  
50 
55 
56 
57 
58 
6 1  
62 
63 
64 
65 
68  
6 9  
70 
7 1  
72 
75 
76 
77 
78  
79 
82 - 

T a b l e  5-5 

OPERATING DATA FOR UNIT 2-24 

02 Yield (%> 

98.4 
99 
98 
99 

100 
99 
99 
97 

100 
100 

99 
99 
98 
99 
98 
98 
98 
98 
96 
99 
96.5 
96.5 
99 
96.5 
98 

100 
99 
96.5 

100 
97 
97 
98 
99 
99 

100 
100 

97 
98 
99 
99 
98 
98 
98 
98.5 
97 
97 
98 
98 
99 
97 
98 
99 
100 

98 

0.37 
0.18 
0.53 
0.41 
0.58 
0.68 
0.63 
0.69 
0.78 
0.72 
0 . 8 1  
0.75 
0.73 
0.79 
0.77 
0.87 
0.73 
0.68 
0.80 
0.72 
0.67 
0 .71  
0.74 
0.70 
0.74 
0.78 
0.76 
0.69 
0.79 
0.68 
0.69 
0.74 
0.72 
0.78 
0.69 
0.67 
0.64 
0.65 
0.66 
0.70 
0.71 
0.69 
0.71 
0 . 7 1  
0.73 
1.14 
0.64 
0.80 
0.80 
0.33 
0.72 
0.67 
0.78 
0.72 

E l e c t r o l y s i s  C o n t  

76 

53.4 
53.2 
53.1 
53.8 
52.7 
52.7 
53.2 
52.5 
53.2 
53.4 
51.2 
52.8 
53.5 
53.1 
53.5 
53.5 
58.5 
58.3 
58.4 
59.5 
58.5 
59.3 
59.0 
59.0 
58.7 
59.5 
59.4 
59.3 
59.7 
62.7 
59.2 
58.7 
58.9 
59.2 
59.8 
60 .1  
59.2 
58.9 
59.4 
59.3 
59.2 
58.8 
58.8 
59.0 
59.7 
59.8 
59.3 
59.6 
60.2 
58.9 
59.9 
6Q.2 
61.0 
59.5 

n u i n g  
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As discussed  above, e l e c t r o l y z e r  2-24 has operated on l i f e  
test  f o r  near ly  t h r e e  months producing breathable  oxygen from 
C02. Elec t ro lyze r  2-24 continues i n  ope ra t ion  a t  87OoC, 
-100% oxygen y i e l d ,  0.7% C 0 2  i n  the  oxygen, 60% conversion 
p e r  pass ,  and r e l a t i v e l y  constant  app l i ed  vol tage  a t  2 A per  
ce l l  o r  a total  c u r r e n t  of 32 A. 
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Sect ion 6 

DISCUSSION 

Each of t he  e i g h t  e l e c t r o l y s i s  modules cons t ruc ted  and ope- 
r a t e d  dur ing  the  nine-month con t r ac t  per iod  covered by t h i s  
r e p o r t  e l e c t r o l y z e d  carbon dioxide t o  produce oxygen contain-  
i n g  less than 1% t o t a l  impur i t i e s  (as determined by gas chro- 
matography). 
s i g n  p r i n c i p l e s  t h a t  have guided t h i s  work remain v a l i d .  
The evolu t ionary  changes t h a t  w e r e  made i n  d e s i g n , d e t a i l ,  
materials, and f a b r i c a t i o n  methods w e r e  b e n e f i c i a l  and l e d  
t o  t h i s  improved performance. Re l i ab le  long-term opera t ion  
w i t h  a brea thable  oxygen output  no t  s i g n i f i c a n t l y  contami- 
nated by C02 i s  e s s e n t i a l  i f  t h i s  system i s  t o  be used f o r  
aerospace l i f e  support  without being burdened by the  l a rge  
power pena l ty  t h a t  i s  imposed by C 0 2  scrubbing (Ref. 9) .  
Production of brea thable  oxygen ( a r b i t r a r i l y  taken as 02  
p u r i t y  of >99%) by these  modules f o r  per iods  as long as 101 
days shows t h a t  t h e  major problems of s o l i d  oxide e l e c t r o -  
l y z e r  technology have been solved,  and t h a t  i n t e g r a t i o n  of 
a one-man e l e c t r o l y z e r  w i th  a CO d i sp ropor t iona to r  and closed 
r ecyc le  loop i s  the  l o g i c a l  next  s t ep .  

This  performance i n d i c a t e s  t h a t  the  b a s i c  de- 

Operating d a t a  f o r  t he  e l e c t r o l y z e r s  f o r  t he  t i m e  per iod 
when each one w a s  producing oxygen of >99% p u r i t y  from C 0 2  
are summarized i n  Table 6-1. I n  some cases these  d a t a  r ep re -  
s e n t  t he  t o t a l  per iod  of t h e  tes t ,  but i n  most cases the  
u n i t s  were . run  f u r t h e r  t o  where C 0 2  leakage had gone above 
1% o r  electrical  anomalies had occurred. Complete t e s t  d a t a  
f o r  each of these u n i t s  w e r e  given i n  Sec t ion  5,  above. 
Each e l e c t r o l y z e r  w a s  f a b r i c a t e d  f o r  a p a r t i c u l a r  purpose 
dur ing  the  evo lu t ion  of t he  technology, as discussed above 
i n  Sect ions 3 ,  4 ,  and 5. The most i n t e r e s t i n g  are u n i t s  
2-17 and 2-24 because of  t h e i r  l a r g e  s i z e  and long per iods 
of success fu l  operat ion.  

Unit  2-17 c o n s t i t u t e s  a 1/5 man module a t  t h e  cu r ren t  dens i ty  
(100 mA/cm2) a t  which i t  w a s  operated.  
c u r r e n t  dens i ty  w a s  continuous f o r  the  101-day per iod except 
f o r  an i n t e r r u p t i o n  on the  86th day shown i n  Table 5-1 and 
d iscussed  i n  sub-sec t ion  5.3. No maintenance o r  r e p a i r  work 
w a s  performed on t h i s ,  o r  any o t h e r ,  u n i t  during the  opera t -  
i n g  per iods shown i n  Table 6-1. Production of oxygen contain-  
i n g  0.11 t o  0.49% C02 a t  100% f a r a d a i c  e f f i c i e n c y  f o r  101 days 

Operation a t  t h i s  
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demonstrates the  s i g n i f i c a n t  progress  t h a t  has been achieved 
s ince  the  tes t  of t he  one-man u n i t  d i scussed  i n  R e f .  2 and 
i n  sub-sect ion 5 1, above . 
Units  2-19, 2-20, 2-21, and 2-23 w e r e  each f a b r i c a t e d  t o  a i d  
i n  improving the  var ious  a spec t s  of design and f a b r i c a t i o n  
t h a t  were discussed i n  Sect ions 3, 4 ,  and 5 .  As a result  of 
t e s t  data from these  u n i t s ,  u n i t  2-24 w a s  constructed,  This 
16-cell ,  32-A, 1/4 man u n i t  has r u n  f o r  82 days and cont inues 
t o  opera te ,  producing breathable  oxygen a t  100% f a r a d a i c  e f -  
f i c i ency .  

The s i g n i f i c a n t  a s p e c t s  of each of these  e l e c t r o l y z e r s  are 
as fol lows:  

Unit  2-13 

Unit  2-14 

Unit  2-17 

Unit  2-19 

Unit 2-20 

Unit  2-21 

Unit 2-23 

Unit  2-24 

new e l e c t r o d e s  and g r i d s ,  new gas p o r t  e n t r y  
tub ing ,  high-conduct ivi ty  e lectr ical  l eads ,  
and assembly by t o r c h  braz ing  

p a r a l l e l  electrical connections f o r  the  two 
cells of  each drum 

%new gas p o r t  e n t r y  nozzle,  ho r i zon ta l  configu- 
r a t i o n  i n  furnace,  two sets of cells  wired i n  
series independently of each o t h e r ,  new elec- 
t rodes  and g r i d s  

new e l ec t rodes  and g r i d s  

l a r g e r  drum bodies ,  gold pas t e  e l ec t rodes  on 
one drum (showed gold pas t e  e l e c t r o d e s  perform 
ve ry  poorly compared t o  platinum) 

one drum prototype of e i g h t  drum u n i t  2-24, 
new e l e c t r o d e s  and g r i d s ,  operated a t  high 
conversion pe r  pass 

p a r a l l e l  electrical  connections,  cons tan t  v o l t -  
age opera t ion ,  high conversion per  pass 

eight-drum u n i t  i nco rpora t ing  the  b e s t  f e a t u r e s  
of  a l l  p r i o r  u n i t s  

The progress  represented  by these  e l e c t r o l y z e r s ,  and by the  
o t h e r  work of t h i s  c o n t r a c t  per iod,  can be evaluated wi th  r e f -  
erence t o  the  recommendations f o r  future work made one year 
ago i n  the  Second Annual Report (Ref. 2 ,  pp. 93 and 94) .  
This eva lua t ion  i s  as fol lows:  
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1) Work on e l ec t rodes  and g r i d s  has r e s u l t e d  i n  marked 
improvements. Further  experiments of t he  same type 
should lead  t o  even b e t t e r  e l ec t rodes  and g r i d s ,  t o  
longer ope ra t ing  t i m e s  f o r  >99% oxygen, and higher  
current d e n s i t i e s .  

2 )  Electrical leads  of h igher  electrical  conduct iv i ty  
have been adopted as s tandard  (Au, 5% Pd). 

3 )  The gas e n t r y  nozzles have g r e a t l y  improved the  flow 
p a t t e r n ,  and the  p re sen t  degree of mixing appears t o  
be adequate. 

4 )  Better c o n t r o l  of ho t -press ing  parameters has e l i m i -  
nated the  problem of e l e c t r o l y t e  d i s k  poros i ty .  

5) Other e l e c t r o l y t e  compositions proved t o  be i n f e r i o r  
t o  scand ia - s t ab i l i zed  z i r con ia .  Therefore,  scandia-  
s t a b i l i z e d  z i r c o n i a  has been adopted as s tandard.  

6)  Experiments w i th  cells l a r g e r  than 20 cm2 were not 
conducted, but t h e  idea remains  appealing. 

7 )  Experiments t o  da t e  wi th  drum bodies o t h e r  than 
z i r c o n i a  have been unsuccessfu l ,  but work should con- 
t i n u e  t o  f i n d  e i t h e r  non-zirconia body material o r  
z i r c o n i a  wi th  more c o n t r o l l a b l e  and p red ic t ab le  
p r o p e r t i e s  than i s  t h e  case a t  present .  

8) Torch braz ing  t h e  drums t o  t h e  gas manifolds has 
been adopted as a s tandard  assembly procedure. 

9 )  Better packaging i s  contemplated as a p a r t  of the  
work of the  next c o n t r a c t  period. 

10) A considerable  amount of  ope ra t ing  d a t a  has been ob- 
t a ined  f o r  t h e  production of brea thable  oxygen and 
more d a t a  are being obtained from CO2 e l e c t r o l y s i s  
modules p re sen t ly  cont inuing i n  operat ion.  

11) Some work w a s  done toimprove the  c a n i s t e r  c a t a l y t i c  
r e a c t o r  (sub-sect ion 3 . 7 ,  above) and a d d i t i o n a l  work 
i s  required.  

I 
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Sect ion 7 
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